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ABSTRACT 
 
A paired set (PS) refers to the coupling of exercises targeting agonist-antagonist muscle 
groups and performed coincidentally. Although PS have been prescribed by strength and 
conditioning coaches as a means of developing strength and power, scientific research 
investigating their efficacy is limited. The aim of this research was to investigate not only 
the efficacy of PS, but also their efficiency. Two acute studies examined volume load 
(repetitions x load) and power output in specific exercises performed as PS versus a 
traditional set (TS) protocol, whereby the agonist musculature was targeted prior to 
stressing the antagonist musculature. Subsequently, a longitudinal study examined the 
effects of PS on strength and power development over an eight-week period. In the acute 
studies, the PS protocols were performed in approximately half the time required to 
perform the TS protocols. During the longitudinal study, PS training sessions were 
completed in approximately half the time required to complete the TS sessions. The first 
acute study investigated PS coupling a heavy resistance with a ballistic exercise. 
Specifically, the acute effects of performing TS versus PS  over three consecutive sets, on 
bench press throw (BPT) throw height (TH), peak velocity (PV), peak power (PP), bench 
pull (Bpull) volume load (VL), and electromyographic (EMG) activity were examined. 
TH, PV, PP and EMG activity were not different within, or between, the two conditions. 
Bpull VL decreased significantly from set 1 to set 2 and 3, under both conditions. There 
was no difference in VL per set, or session, between the conditions. Although there was 
no augmentation of the power measures, PS was determined to have approximately twice 
the efficiency (ouput/time) as compared to TS. Efficiency calculations for Bpull VL and 
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BPT TH, PV and PP were 103.47 (kg/min), 26.25 (cm/min), 1.98 (m/s/min), 890.39 
(W/min) and 54.71 (kg/min), 13.02 (cm/min), 0.99 (m/s/min), 459.28 (W/min) for PS and 
TS, respectively. Comparison of EMG activity between the protocols suggests the level 
of neuromuscular fatigue did not differ under the two conditions. The second acute study 
investigated a pairing of two heavy resistance exercises. The objective of this study was 
to investigate the acute effects of performing PS versus TS training over three 
consecutive sets, on Bpull and bench press (Bpress) VL and EMG activity. Bpull and 
Bpress VL decreased significantly from set 1 to set 2 and from set 2 to set 3 under both 
conditions. There was no difference between VL per set, or over the sessions, between 
the two conditions. PS was determined to be more efficient (VL/time) as compared to TS. 
Efficiency calculations for Bpull and Bpress were 106.06 (kg/min), 55.27 (kg/min) and 
103.96(kg/min), 55.37(kg/min) for PS and TS, respectively. EMG activity was not 
different for the two conditions or within each condition over the three sets. However, 
there was a significant within-set response in EMG activity in the Bpress exercise. The 
objective of the longitudinal study was to investigate the chronic effects on strength and 
power of performing PS versus TS training over eight weeks. BPT TH, PV and PP and 
one-repetition-maximum (1-RM) in the Bpress and Bpull exercises were tested pre- and 
post-program. EMG activity was monitored during both testing sessions in an attempt to 
determine if it was affected as a result of the training program. Although there were no 
differences in the dependent variables between the two conditions, Bpull and Bpress 1-
RM increased significantly (2.19% and 2.44%, respectively) under PS and PP increased 
significantly (9.40%) under the TS condition. Data suggested PS was more time-efficient, 
as compared to TS, with respect to development of 1-RM Bpull and Bpress, PV and PP. 
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Efficiency calculations for 1-RM Bpull and Bpress, PV and PP were 1.00 (kg/hour), 1.13 
(kg/hour), 0.06 (m/s/hour), 50.73 (W/hour) and  0.26 (kg/hour), 0.45 (kg/hour), 0.02 
(m/s/hour), 27.05 (W/hour) for PS and TS, respectively. EMG activity was not affected. 
Over a single session of three sets, PS training would appear to be an effective method of 
exercise with respect to time-efficiency and the maintenance of TH, PV, PP and VL. The 
data suggests that a 4-min rest interval between sets of heavy resistance exercise may not 
be adequate to maintain VL using either a PS or TS protocol. The comparison of EMG 
activity between the PS and TS protocols in acute settings suggests that the level of 
neuromuscular fatigue does not differ under the two conditions. In a chronic setting it 
would appear that PS are an efficacious means of developing strength and an efficient 
method of training for both strength and power. Resistance training protocols that save 
time without compromising efficacy, or that increase efficiency, could be advantageous 
to both athletes and the general population. 
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CHAPTER 1 
INTRODUCTION 
 
Resistance training is an effective method for developing muscular strength and power 
(Hakkinen and Komi, 1981). Furthermore, resistance training modalities that aim to 
enhance musculoskeletal conditioning have been associated with improved health and a 
decrease in the risk of chronic disease and disability (Warburton, Nicol and Bredin, 
2006). Athletes and trainers face a number of challenges in preparation for competition, 
and the general population faces challenges with respect to the maintenance of health and 
wellness. Time is a constraint, and one such challenge, for both athletes and the general 
population (Trost, Owen, Bauman, Sallis and Brown, 2002). Resistance training 
protocols that save time without compromising efficacy, or that increase efficiency 
(output over input, where input is time), could be advantageous to a variety of athletes 
and the general population. A number of resistance training schemes aimed at increasing 
efficiency have been devised (Berger, 1962; Staley, 2000). One such “efficient” training 
scheme, which attempts to manipulate local fatigue, may be referred to as “paired 
setting”. For the purposes of this research a paired set (PS) refers to the pairing of 
exercises targeting agonist-antagonist muscle groups in an alternating manner and 
performed coincidentally. Possible PS combinations include pairing two heavy weight 
training exercises (e.g., bench pull and bench press) or pairing one heavy weight training 
exercise with a ballistic exercise (e.g., bench pull and bench press throws). Dissimilar 
exercises are performed in an alternating fashion with rest intervals between all sets. 
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Although PS are prescribed as a means of developing strength and power, scientific 
evidence to support their efficacy in that regard has not been forthcoming. 
Paired set protocols have been viewed, perhaps erroneously, as a variation of 
complex training. Complex training refers to a modality whereby biomechanically similar 
exercises are performed in an alternating manner (Robbins, 2005). Commonly, a heavy 
resistance exercise is performed prior to, and with the intention of enhancing 
performance of, a biomechanically similar plyometric exercise (Robbins, 2005). It has 
been suggested that pre-loading of the antagonist musculature (by means of PS) may 
have a similar (i.e., enhanced power output) effect on subsequent power activities (Baker 
and Newton, 2005). It is possible that PS protocols may act to enhance acute performance 
of a ballistic exercise performed as the second half of the PS. However, as PS training 
does not pair biomechanically similar exercises, it should not be viewed as a form of 
complex training. 
Paired sets are a relatively under-researched training modality. The limited 
research to date has focused solely on the augmentation of power output in the second 
exercise of the PS. Despite the fact that PS training is commonly prescribed with the 
intention of saving time, investigations into the efficiency of PS have not been identified. 
Although efficiency was the underlying theme of the present research, a number of other 
neglected aspects of PS training deserve attention. 
First exercise in the pair. As half of a complex (i.e., biomechanically similar) or paired 
(i.e., biomechanically dissimilar) set, the initial exercise (commonly a heavy resistance 
exercise) has generally been viewed as an “intervention” by which to enhance 
performance of the subsequent power activity. However, this phase should not be viewed 
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solely as a means to augment performance of the subsequent power phase, but also as an 
instrument to develop the targeted musculature. For example, if bench press throw is 
preceded by bench pull, the bench pull should be seen not only as a means of augmenting 
performance of the bench press throw, but also as a means of developing the musculature 
involved in the bench pull. Scientific research investigating the initial phase (i.e., the first 
half of the pair) of PS does not exist. 
Two heavy resistance exercises. Paired sets involving two heavy resistance exercises 
(e.g., bench pull and bench press) have not been scientifically investigated. Although 
perhaps unlikely that any acute performance enhancement (i.e., increased volume load 
(repetitions x load)) may be observed under a PS condition involving two heavy 
resistance exercises, it is possible that volume load may be maintained, or at least be 
similar to other comparable modalities. It has been suggested that three-to-five-minute 
rest intervals between sets is adequate to recover and perform a similar amount of work 
over successive sets (Kraemer, 1997; Kraemer et al., 2002; Kraemer, Noble, Clark and 
Culver, 1987; Kraemer et al., 1997; Pearson, Feigenbaum, Conley and Kraemer, 2000). 
During the three-to-five-minute rest interval (RI) necessary for the initially targeted 
muscle group to recover, a participant performing PS exercises the antagonist (to the 
muscle group initially exercised) muscle group. Theoretically, the initially targeted 
muscle group is able to recover during its rest interval. Subsequently, the muscle group 
targeted in the second phase of the PS is able to recover during a similar rest interval, 
during which time the initially targeted muscle group performs another set. Assuming 
recovery is possible over multiple sets, by concurrently training two muscle groups in 
such a manner, more work is performed per unit of time. In the event of similar volume 
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loads under PS as compared to other more time-consuming strategies, PS may be deemed 
as having enhanced efficiency (output/input, where input is time). 
Full recovery, as measured by volume load achieved in the subsequent effort, may 
not be achieved using rest intervals of between three and five minutes. Scientific 
evidence exists suggesting that recreationally resistance-trained men require greater than 
five minutes to fully recover and maintain consistent volume load during multiple sets of 
bench press (Richmond and Godard, 2004). The equivocal nature of the research could be 
a result of a variety of factors, including differences in the populations tested and their 
training status. Individual variations in both the utilization rate of enzymatic pathways 
and metabolic rates of recovery exist and may result in differences in performance 
(Nindl, Hymer, Deaver and Kraemer, 2001;  Nindl et al., 2001; Tesch, Komi and 
Hakkinen, 1987; Wathen, 1994). However, even if volume load is compromised, PS may 
still be deemed efficient insofar as the density of training (volume load per unit of time) 
is increased. That is, efficiency defined as output/time may increase even if volume load 
(output) decreases, as long as time decreases by a larger relative amount. 
Acute augmentation of power output. Studies investigating the acute effects of PS are 
limited. Baker and Newton (2005) reported that power output in the bench press throw 
was significantly greater when preceded by a set of ballistic bench pulls, compared to 
power output in a set of bench press throws with no intervention. These researchers 
suggested that the bench pull exercise altered (i.e., shortened) the braking phase of the 
triphasic electromyographic (EMG) pattern of the antagonist musculature during the 
bench press throw. Burke, Pelham and Holt (1999) investigated a set of isokinetic 
movements (seated bench press and seated bench pull) performed as one repetition (no 
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rest interval between the agonist and antagonist movements) and found a significant 
increase in torque production in the agonist exercise when the loads were low and 
contraction speeds fast for both activities. These researchers hypothesized that stretch 
shortening cycle mechanisms of the stretch reflex and stored elastic energy within the 
agonist muscle group may have been responsible for the additional force. Although it has 
been suggested that stretch shortening cycle movements may result in enhanced force 
production (Komi, 2000), due to the nature of PS (i.e., the time between antagonist and 
agonist exercises) it is unlikely that stretch shortening cycle mechanisms are a factor in 
augmenting PS performance. In order to reduce the rest interval between antagonist and 
agonist work to a length (i.e., short enough) in which stretch shortening cycle 
mechanisms are relevant, specialized equipment (e.g., double-acting concentric 
dynamometer) would be necessary. The scheme utilized by Burke et al. (1999) is 
arguably too different (i.e., type of activity and lack of rest interval between agonist and 
antagonist movement) to be of much relevance with respect to PS training. Neither of the 
above-discussed studies incorporated a mechanistic component (e.g., EMG) into the 
research to support their conclusions.  
Research reporting performance enhancement as a result of antagonist loading is 
confounded by research that has failed to observe augmentation in a performance 
measure preceded by antagonist loading. Maynard and Ebben (2003) found a decrease in 
peak torque, rate to peak torque and peak power production in the agonist musculature 
when the antagonist muscle group was pre-loaded. These researchers investigated the 
lower body, using isokinetic knee flexion and extension. The researchers measured the 
EMG activity of the agonist and antagonist musculature and suggested that perhaps the 
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observed increase in EMG activity of the antagonist (co-contraction) may have been 
responsible for the attenuation in performance measures. It is unclear if there is a 
differential response in the upper body as compared to the lower body. It may be that the 
level of coactivation is greater in the knee flexors and extensors as compared to that seen 
in the chest and back muscle groups. A greater level of coactivation in the antagonist 
musculature may manifest itself as fatigue and affect that muscle group adversely when 
acting as an agonist. The limited and equivocal nature of the research investigating PS 
indicates a need for further investigation.  
Depending on the design of a PS scheme, efficiency may or may not be the 
primary objective. However, it is possible that PS strategies aiming to enhance 
performance (e.g., PS coupling prior bench pull with bench press throw) may also be 
time-efficient with respect to both phases (bench pull and bench press throw).  
Multi-set studies. Available research investigating PS has been limited to single set 
studies. However, PS commonly involves the execution of repeated sets. Research 
involving multiple set studies is necessary in order to draw conclusions as to the efficacy 
and efficiency of PS.  
Chronic effects. No studies have been identified that have investigated the chronic effects 
of PS exercise regimes. Over the course of a longitudinal study, greater gains in strength 
and/or power may or may not be elicited under PS, as compared to other more time-
consuming modalities. However, it is anticipated that PS modalities will be more efficient 
- for the purposes of this research, chronic efficiency is defined as effect over time 
(effect/time) as compared to acute efficiency (outcome/time). In the event that similar or 
even lesser (to a certain extent) gains in strength and/or power are observed under a PS 
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modality as compared to traditional set (TS) modality (whereby all sets of the first 
exercise are performed prior to all sets of the second exercise), it is hypothesized that 
when the effects are adjusted for time, the PS modality will be more efficient. That is, 
when the effect is divided by the time spent to achieve that effect, the ratio representing 
PS will be significantly greater than the ratio representing TS. For example, assume TS is 
able to achieve a 3% increase in strength over an 8-week period and PS is able to achieve 
a 2% increase in strength over the same 8-week period. If TS allocated 10 hours in the 
gym to achieve this result whereas PS required only 5 hours, then efficiency (defined for 
the purposes of this research as effect/time) is greater for PS: 
TS: 3%/10 hours = 0.3% per hour PS: 2%/5 hours = 0.4% per hour 
Filling the gaps 
The primary purpose of the present research was to determine if PS can be considered 
time-efficient in acute and chronic settings. A secondary focus was investigation into 
acute effects of agonist activity when preceded by loading of the antagonist musculature. 
This was achieved by undertaking three studies. The first study investigated efficiency 
and also the acute effects of performing the bench pull and bench press throw in a PS 
versus TS manner over three consecutive sets on bench press throw power measures (i.e., 
possible power output augmentation), bench pull volume load and EMG activity. The 
second study investigated efficiency and also the acute effects of PS coupling for bench 
pull and bench press exercises. The objective of this study was to investigate the acute 
effects on volume load and EMG activity of performing PS versus TS training over three 
consecutive sets. The third and final study in the series investigated efficiency and also 
the chronic effects on strength and power of performing PS versus TS training over eight 
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weeks. Efficiency calculations were performed on all performance measures in all three 
studies. 
Research investigating the acute effects of PS is limited and has previously 
focused solely on enhancement of power output in the second phase, over a single set. No 
research investigating PS in terms of power augmentation over multiple sets would 
appear to exist. Research investigating the first phase of a PS has also not been located. 
Research investigating the chronic effects of PS on strength and power development 
would also appear to be non-existent. No studies have been identified investigating the 
time-efficient nature of PS training. Research into the possible mechanisms underlying 
PS is limited to a single study (Maynard and Ebben, 2003). Paired sets are prescribed and 
performed over multiple sets. Therefore, research involving multi-set studies with a 
mechanistic component designed to provide some insight into the fatiguing 
characteristics of PS training is necessary in order to draw conclusions as to the efficacy 
of PS as a means of developing strength and power. Due to the reduced time provided to 
complete PS training, it is possible that PS protocols may be more fatiguing. Observation 
of EMG activity will likely provide some insight into the fatiguing characteristics of PS 
protocols. It is possible that this method of training could be a time-efficient method for 
developing strength and power without compromising efficacy.  In order to provide 
evidence to determine whether PS are an effective, or at least efficient, method with 
respect to developing strength and power, scientific research is necessary. In an attempt 
to determine if PS training is an efficacious means of developing strength and power, a 
series of studies will examine the effects of consecutively performing agonist/antagonist 
pairs, both acutely and chronically. 
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Format of Thesis 
Due to the possible unfamiliarity of a thesis presented in this format (PhD by 
publication), a brief description of the arrangement may be helpful. An introduction is 
followed by the four manuscripts (at different stages of publication) making up Chapters 
2 through 5. The manuscripts making up Chapters 2 through 4 each relate directly to one 
of the three studies. Chapter 2 describes the first study, chapter 3 describes the second 
study and Chapter 4 describes the final study. Chapter 5 is a comprehensive review of the 
literature on PS, and also includes the results of the studies conducted for this PhD. A 
synopsis integrating the contributions of the four manuscripts is presented in Chapter 6. A 
review of the literature placing the current research questions in the context of previous 
work can be found in Appendix 1. As most of this information has been presented, 
although at times in an abridged form, in one or more of the manuscripts making up 
Chapters 2 through 5, it was felt that in order to reduce redundancy this review was best 
placed in an Appendix. Unfortunately, as the manuscripts making up Chapters 2 through 
5 need to be able to “stand alone”, a certain amount of redundancy is unavoidable. 
 
Terminology 
As previously alluded to, PS-type protocols have been referred to as a variation of 
complex training. Scientific research has referred to PS-type training as complex (Baker 
& Newton, 2005), as a proprioceptive neuromuscular facilitation technique (Burke et al., 
1999) and as superset training (Maynard & Ebben, 2003). Practitioners have commonly 
prescribed PS-type modalities under designations such as “super sets” or “compound 
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sets”. Of the four manuscripts making up chapters 2 through 5 of this thesis, two have 
referred to the PS protocol as such (i.e., as PS) and two have referred to the PS protocol 
as agonist-antagonist complex sets (CS). This was done primarily in an attempt to relate 
the current research to the existing body of literature. With the exception of these two 
manuscripts the term PS will be used throughout this thesis. One of the intents of the 
review paper presented as Chapter 5 of this thesis is to propose a common term (i.e., PS) 
for this type of training modality. 
 
Purpose of the Research 
 The purpose of this research was to investigate the efficacy and efficiency of 
agonist-antagonist paired set exercise. Two acute studies investigated the effects of 
performing paired sets versus traditional sets on volume load, throw height, peak velocity 
and peak power. Finally, a longitudinal training study investigated the effects of 
performing paired sets versus traditional sets on strength and power.  
 
Significance of the Research  
Resistance training modalities that are not only efficient but efficacious are 
beneficial to athletes and to the general population. Coaches, athletes and individuals of 
all training levels using resistance training as a means to attain certain goals will benefit 
from a scientifically investigated efficacious training scheme that saves time. Coaches 
and athletes able to spend more time on aspects of performance such as skill development 
will be able to compete at a higher level. This will have implications at collegiate, 
professional and national levels. The implications with respect to health promotion and 
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disease prevention of the general population are immense. Encouraged by the possibility 
of results in less time, it is likely that greater numbers of individuals will undertake, and 
stay compliant to, resistance training programs. Not only will this have positive effects on 
the quality of life of the general population, but it will also help in reducing the cost of 
health care. Although it is beyond the scope of this research to attempt to quantify the 
positive effects of increased participation in resistance training within the general 
population, it would seem conceivable that even small increases in participation will have 
enormous benefits. This research will have implications for the design and 
implementation of training programs at all levels. 
 
Research Questions 
Are paired sets effective and/or efficient in acute and/or chronic settings? 
 Main Questions 
1. Is power as measured by throw height, peak velocity and peak power during 
the bench press throw affected during the execution of PS as compared to TS 
in a single training session coupling heavy resistance and ballistic exercises? 
2. Is volume load of a heavy resistance exercise affected during the execution of 
PS as compared to TS in a single training session coupling heavy resistance 
and ballistic exercises? 
3. Is volume load affected during the execution of PS as compared to TS in a 
single training session coupling two heavy resistance exercises? 
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4. Is EMG activity affected during the execution of PS as compared to TS in a 
single training session coupling either heavy resistance and ballistic exercises 
or two heavy resistance exercises? 
5. What are the effects of PS as compared to TS on the development of strength 
over an 8-week training cycle? 
6. What are the effects of PS as compared to TS on the development of power 
over an 8-week training cycle? 
7. Is EMG activity affected over the course of an 8-week training period under 
PS as compared to TS training? 
8. Is PS, as compared to TS training, efficient under acute and/or chronic 
settings? 
Additional Questions 
1. Do 4-min rest intervals allow volume load and power output to be maintained 
over 3 sets of PS coupling heavy resistance and ballistic exercises?  
2. Do 4-min rest intervals allow volume load to be maintained over 3 sets of PS 
coupling two heavy resistance exercises?  
3. Do 4-min rest intervals allow volume load to be maintained over 3 sets of a 
heavy resistance exercise? 
4. Do 4-min rest intervals allow power output to be maintained over 3 sets when 
preceded by 3 sets of work performed by the antagonist musculature? 
5. Do 4-min rest intervals allow volume load to be maintained over 3 sets when 
preceded by 3 sets of work performed by the antagonist musculature? 
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6. Are eight weeks sufficient to produce significant gains in strength and power 
under either a PS or a TS training modality? 
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CHAPTER 2 
 
ACUTE PAIRING OF HEAVY RESISTANCE AND 
BALLISTIC EXERCISES 
 
 
 
This initial study was undertaken in an attempt to expand on the previous literature 
investigating PS in terms of power output in the second exercise. In addition, the first 
exercise in the PS was also examined. Of primary interest was the analysis of PS training 
in terms of efficiency. 
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ABSTRACT 
The objective of this study was to investigate the acute effects of performing traditional 
set (TS) versus complex set (CS) agonist/antagonist training over three consecutive sets, 
on bench press throw (BPT) throw height (TH), peak velocity (PV), peak power (PP), 
bench pull (Bpull) volume load (VL), and electromyographic (EMG) activity. Eighteen 
trained males performed two testing protocols: TS comprising three sets of Bpull 
followed by three sets of BPT performed in approximately 20 min or CS comprising 
three sets of both Bpull and BPT performed in an alternating manner in approximately 10 
min. TH, PV, PP and EMG activity were not different within, or between, the two 
conditions. Bpull VL decreased significantly from set 1 to set 2 and 3, under both 
conditions. Decreases from set 1 to set 2 were 14.55% ± 26.11 and 9.07% ± 13.89 and 
from set 1 to set 3 were 16.87 % ± 29.90 and 14.17 % ± 18.37 under CS and TS, 
respectively. There was no difference in VL per set, or session, between the conditions. 
Although there was no augmentation of the power measures, CS was determined to have 
approximately twice the efficiency (ouput/time) as compared to TS. Efficiency 
calculations for VL, TH, PV and PP are 103.47 (kg/min), 26.25 (cm/min), 1.98 
(m/s/min), 890.39 (W/min) under CS and 54.71 (kg/min), 13.02 (cm/min), 0.99 
(m/s/min), 459.28 (W/min) under TS. Comparison of EMG activity between the 
protocols suggests the level of neuromuscular fatigue did not differ under the two 
conditions. CS training would appear to be an effective method of exercise with respect 
to efficiency and the maintenance of TH, PV, PP and VL. 
 
Key Words: complex training, bench press throw, bench pull, efficiency  
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INTRODUCTION 
Complex training commonly involves the coupling of a heavy resistance training exercise 
with a biomechanically similar plyometric exercise performed in an alternating manner 
(16). A less common complex training design pairs biomechanically dissimilar exercises, 
targeting agonist and antagonist muscle groups (2). For the purposes of this research, 
agonist/antagonist complex set (CS) training refers to the coupling of a heavy traditional 
weight training (e.g., bench pull) with a ballistic (e.g., bench press throw) exercise, 
targeting upper body muscle groups, performed coincidentally. Agonist/antagonist 
exercises are commonly performed over repeated trials, in an alternating manner, with 
rest intervals (RI) between each set.  
Resistance training is an effective method for developing muscular strength and 
power (19) and has been associated with improved health and a decrease in the risk of 
chronic disease and disability (21). Resistance training schemes able to develop strength 
and power in a time-efficient manner would be beneficial to athletes and the general 
population. Agonist/antagonist complex training may be one such training modality. It is 
possible that by alternating agonist and antagonist exercises, the “density” of work 
performed could increase. That is, more work could be performed per unit of time. 
Furthermore, it is possible that gains in “efficiency” are not at the expense of efficacy. 
Resistance training protocols that save time without compromising efficacy, or increase 
efficiency, could be advantageous to athletes and the general population. 
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Peer-reviewed research into the effects of agonist/antagonist complex training is 
limited. It has been suggested that this type of training results in acute performance 
enhancement (2). Baker and Newton (2005) observed an augmentation in power output in 
the bench press throw (BPT) when preceded 3 min by a set of bench pull (Bpull), 
compared to power output achieved in a set of BPT with no intervention. They suggested 
that antagonist pre-loading may alter (i.e., shorten the antagonist braking phase) triphasic 
electromyographic (EMG) activity during subsequent agonist activity. However, the 
researchers did not incorporate a mechanistic evaluation (i.e., EMG) into the research.  
Performance enhancement following antagonist loading has been documented in a 
single-set study (2). However, CS commonly involves the execution of repeated sets. The 
second CS also begins with antagonist loading, as do all subsequent sets. Research 
involving multiple set studies is necessary in order to draw conclusions as to the likely 
efficacy of CS as a training method for developing power.  
Research investigating complex training and CS has focused primarily on 
performance enhancement of the second phase (power activity) of the pair. This only 
represents half of the training protocol. To date, there have been no studies that have 
examined the first phase of the complex pair. Research studies have commonly viewed 
the first phase as the “intervention”. However, this phase should not be viewed solely as 
an means to augment performance of the subsequent power phase, but also as an 
instrument to develop the targeted musculature. For example, if BPT is preceded by 
Bpull, Bpull should be seen not only as a means of augmenting performance of BPT, but 
also as a means of developing the musculature involved in the Bpull. Research 
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investigating the first phase of complex sets is necessary in order to draw conclusions as 
to the efficacy of CS as a method of developing strength. 
Although research into complex training has been undertaken primarily with the 
intent of augmenting performance of the power activity (second phase) it has been 
suggested that whether performance enhancement is observed, or not, complex training 
may be a time-efficient method of developing strength and power (6, 17). To date, there 
have been no studies reported that have compared CS to other methods of developing 
strength and power. Research comparing CS to other training modalities should perform 
efficiency calculations for both phases of the complex set in order to provide support for 
the hypothesis that CS is a time-efficient method of developing strength and power. 
Performance enhancement following loading has been demonstrated in a single 
CS. To date, however, there have been no studies reported that have examined the 
mechanism underlying, or responses to, CS in which an agonist/antagonist pairing of high 
resistance isotonic and ballistic exercises are investigated over consecutive sets. It is 
possible that this method of training could be an efficacious and time-efficient method for 
developing strength and power.  The purpose of this study was to investigate the effect of 
agonist/antagonist complex training on Bpull and BPT performance and EMG activity 
over three consecutive sets and compare those effects to a traditional training modality in 
terms of effectiveness and efficiency. 
METHODS 
Experimental Approach to the Problem 
A within-subject randomized, counterbalanced design was used to investigate the effects 
of altering agonist and antagonist exercises on BPT and Bpull performance and to 
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determine whether significant differences in BPT throw height (TH), peak velocity (PV), 
peak power (PP) and Bpull volume load (VL) (load x repetitions) existed between CS and 
a traditional (TS) training protocol, over three sets. Due to the familiarity of movement 
and relatively widespread use as a means to develop strength and power, Bpull and BPT 
were chosen as the pulling and pushing exercises, respectively. Volume load was chosen 
due to its widespread use as an indicator of work performed over an entire set or 
session(s). The three power performance measures (TH, PV and PP) are widely used and 
accepted as variables relating to explosive force production capabilities. The TS protocol 
was designed to reflect the much-practiced resistance training scheme of targeting one 
muscle group via multiple sets, before targeting another muscle group. The CS protocol 
was designed to stress the same musculature as that stressed under the TS condition, but 
in less time. 
Subjects 
Eighteen trained males with at least one year‟s training experience with pushing and 
pulling resistance exercises volunteered to participate in the study. Participants were 
generally collegiate athletes (predominately basketball and rugby players) with several 
years training experience and testing occurred during the off season (the months of May 
and June). All participants had experience with CS-type training. The participants‟ 
descriptive data are displayed in Table 1. The study was approved by the University 
Human Research Ethics Committee. Prior to the investigation, all subjects were briefed 
on the testing protocols, experimental risks, equipment and the nature of the study prior 
to signing an informed consent document. All participants were asked to refrain from any 
upper-body training in the 48 hours prior to each training session. 
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Table 1.   Description of subjects 
________________________________________________________________________ 
 Age (y) Height (cm) Mass (kg) 4-RM Bpull* (kg) BPT** (kg) 
________________________________________________________________________ 
Mean    24.6     182.3       88.3            80.4     43.0 
SD     5.1       7.7       16.0           14.3      9.7 
________________________________________________________________________ 
* four repetition maximum bench pull 
** bench press throw 
 
Procedures 
Forty percent of bench press 1-RM was prescribed for all sets of BPT (4 throws) in both 
protocols as loads of 30-60% of bench press 1-RM and repetitions of 3-5 have been 
suggested to achieve maximum power output (1,8). A 4-RM was prescribed for Bpull for 
all sets in both protocols and was performed to failure, which was considered to have 
been reached when another repetition using proper technique could not be performed 
(22). A 4-RM was chosen as high intensity loads have been recommended for strength 
development (5,23). The total time required to complete the testing sessions, and the 
order in which the exercises were performed, differed between the two protocols. 
Specifically, the PS protocol required approximately half the time to complete, as 
compared to the TS protocol. In order to assist in the explanation of any observed 
differences in TH, PV, PP and VL EMG responses of 4 muscles (pectoralis major, 
anterior deltoid, latissimus dorsi and trapezius) were monitored in every set of both 
exercises. Specifically, mean amplitude of the root mean square (RMS) and the median 
frequency (MDF) were collected as fatigue-induced changes in these signals can provide 
an indication of general motor unit activation and signal frequency, respectively (20).   
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Throw height (cm), PV (m/s) and PP (W) were calculated using a position 
transducer (PT5A linear position transducer, Fitness Technology, Adelaide, Australia). 
The system comprises a cable-extension potentiometer (distance transducer), USB data 
collection interface, and custom software (Ballistic Measurement System, Fitness 
Technology, Australia) to accurately measure the vertical movement of the bar. Bpull VL 
was measured during all sets of both protocols by multiplying the load by the number of 
correct repetitions achieved. 
Prior to the commencement of the testing sessions, a reliability study involving 10 
of the subjects who later participated in the study determined the test-retest (separated by 
one week) intraclass correlation coefficients (ICC) and percent total error (%TE).  
Participants underwent two familiarization sessions to determine their 4-RM for 
the Bpull, 1-RM for bench press, and to be instructed on exercise technique. In order to 
determine1-RM bench press participants performed a set of 5-10 repetitions using 40-
60% of expected maximum, followed 1 minute later by a set of 3-5 repetitions using 60-
80% of expected maximum. After a 2-min RI, 1-RM attempts were made with 
approximately 2-min RIs between attempts. If an attempt was successful using correct 
technique, further attempts were made using increasing increments of weight. In order to 
determine 4-RM Bpull participants followed a similar protocol as that described for 
determining 1-RM bench press, but loads of 30-50% and 50-70% were implemented in 
place of 40-60% and 60-80%, respectively. The last successful attempt was recorded as 
the participant‟s 1-RM, or 4-RM, in that lift. This procedure was adopted from Stone and 
O‟Bryant (19) with one change- rather than 1-min RIs between attempts, 2-min RIs were 
used in order to better ensure recovery between attempts. The familiarization sessions 
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were performed so that the second session was conducted one week prior to the first 
testing session, which was performed one week prior to the second testing session. All 
testing was performed at the same time of day and a standardized warm-up (specific to 
the testing protocol) was performed in all sessions.  
Prior to testing, participants performed progressive submaximal exercise. 
Specifically, participants performed three sets of four repetitions of Bpull at 60, 80 and 
90% of 4-RM (calculated from the previously determined 4-RM) and three sets of four 
throws of BPT using 40% of 1-RM (calculated from the previously determined 1-RM) at 
self-determined 50, 75 and 100% of maximal effort. A 4-min RI was provided between 
like exercises. Prior to the TS testing session, the warm-up sets were executed in a 
successive manner. That is, three sets of the first exercise followed by three sets of the 
second exercise, whereas prior to the CS testing session, the warm-up sets were 
performed in an alternating manner.  
When performing BPT (warm-up and testing), participants lay supine on a flat 
bench, in a Smith Machine which allowed the bar to move only in the vertical plane. The 
participants‟ feet were flat on floor and head, shoulders and buttocks were flat to the 
bench. The starting position of the bar was touching the chest at the nipples. Participants 
were instructed to attempt to throw the bar in the vertical plane as high as possible, 
releasing the bar at elbow extension. The bench pull tests were performed on an 
adjustable high bench (Apex B45 adjustable flat bench), positioned on Step1005 
platforms. Participants were instructed to lie prone on the bench and grasp an Olympic 
bar placed on the floor, with a pronated grip. The bench was adjusted so that the 
participants‟ arms were straight in this position. A repetition was deemed to have been 
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completed by moving the bar from the floor until it touched the bottom of the bench. 
Between repetitions the bar was motionless on the floor for 1-2 seconds. Participants 
were instructed to keep their head, upper body and legs flat to the bench. Hand placement 
and tempo were self-determined for both exercises and an attempt was made to maintain 
consistency within participant during and between testing sessions. Participants were 
permitted to hydrate using water during all testing sessions. 
EMG data were collected using surface electrodes (Delsys DE-2.1 sensors), with 
an inter-electrode distance of 1 cm using an active differential preamplifier configuration 
(Delsys DE 2.1, Boston MA). These electrodes were connected to an analog to digital 
converter (Bagnoli  Myomonitor III wireless system, Delsys Inc., Boston, MA) and 
acquired with the assistance of proprietory software (EMGworks Acquisition 3.5, Delsys 
Inc., Boston, MA). EMG signals were amplified by a factor of 1000 with a frequency 
band-pass of 20 - 450 Hz (common mode rejection ratio of 92 dB) and recorded at 1000 
Hz (Bagnoli  Myomonitor III wireless system, Delsys Inc., Boston, MA). The mean 
amplitude of the root mean square (RMS) and the median frequency (MDF), analysis was 
performed using custom written software (National Instruments LabVIEW 8). Data were 
collected throughout the entire set, for all sets of both Bpull and BPT. EMG data 
collected from the entire (concentric and eccentric) first contraction were compared to 
EMG data of the entire final contraction. 
The EMG signal was acquired from pectoralis major, anterior deltoid, latissimus 
dorsi and trapezius muscles located on the right side of each participant using surface 
electrodes with an inter-electrode distance of 1 cm. The pectoralis major electrode was 
placed mid-point between the acromion and the xiphoid processes. The anterior deltoid 
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electrode was placed on the midbelly, 3-4 cm beneath the anterior margin of the 
acromion process. The latissimus dorsi electrode was placed lateral to the inferior angle 
of the scapula. The trapezius electrode was placed midway between the scapula spine and 
spinous process at same level. A ground electrode (Flexible 1-cm disposable Ag-AgCl 
surface EMG electrodes, Thought Technologies Ltd, Montreal, PQ, CAN) was placed on 
the right elbow. Prior to electrode placement, the area of skin was thoroughly prepared 
with abrasive paper and isopropyl alcohol swabs to improve conductivity of the EMG 
signal.  
Traditional Set Protocol. Prior to testing, participants performed the standardized warm-
up. Testing commenced following a 4-min RI. Three sets of Bpull were followed by three 
sets of BPT, with a 4-min RI between each set. All sets of Bpull were performed to 
failure using a previously determined 4-RM load. The load and number of correct 
repetitions completed were recorded for each set. All sets of BPT involved four maximal 
throws. The testing session took approximately 20 min to complete.  
Complex Set Protocol. Prior to testing, participants performed the standardized warm-up. 
Similar testing procedures to those used in the traditional set protocol were implemented. 
However, the three sets of Bpull were performed in an alternating manner with the three 
sets of BPT. Also, although the RI between like sets was four min, the RIs between work 
performed were less. At the mid-point of the RI between like sets, the other exercise (i.e., 
antagonistic) was executed. The RI between work performed was approximately two 
min. Therefore the testing session was completed in approximately 10 min. Under both 
conditions, during the RI between sets, participants engaged in passive rest. Verbal 
encouragement was given throughout testing sessions under both conditions. 
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Statistical Analyses 
The reliability study determined intraclass correlation coefficients (ICC) and percent total 
error (%TE) for set and session VL over 3 sets for Bpull ranged between 0.91 (6.9%) and 
0.97 (12.3%). Paired sample t-tests revealed no significant (p < 0.001) differences 
between the two testing occasions. ICC and (%TE) for TH, PV and PP over 3 sets for 
BPT ranged between 0.89 (1.2%) and 0.98 (4.5%). Paired sample t-tests revealed no 
significant (p < 0.001) differences between the two testing occasions. The test-retest ICC 
of the EMG measures for the four monitored muscles ranged between 0.83 and 0.96. 
The set and session totals of TH, PV and PP for BPT and VL for Bpull were 
calculated in both testing protocols. These data were analyzed using a 2-way analysis of 
variance (ANOVA) (2x3) with repeated-measures and paired t-tests to determine whether 
there were significant main effects or interactions for the type of training (TS and CS) 
and the sets (1, 2 and 3). Analysis of the data to determine if any significant differences 
existed between the two testing protocols was performed to investigate the influence of 
CS on the maintenance of TH, PV, PP and VL. EMG data, (RMS and MDF), were 
gathered for the first and last repetition of each set. EMG data were analyzed using a 3-
way ANOVA (2x3x2) with repeated measures to determine whether there were 
significant main effects or interactions for the type of training (CS and PS), the sets (1, 2, 
and 3) and the repetitions (first repetition and last repetition). Efficiency (VL/time, 
TH/time, PV/time and PP/time) calculations were also made. The level of statistical 
significance was set at p ≤ 0.05 for all tests with the exception of the 3-way ANOVA 
comparing the EMG in CS to TS, and within each condition, which was adjusted using 
the Bonferroni technique and set at p ≤ 0.001. All statistical tests used SPSS version 16. 
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Effect size calculations were performed on measures of TH, PV, PP and VL (12) in order 
to address the magnitude of the response. 
RESULTS  
The major finding of this study is that all performance and mechanistic measures were 
similar under CS, as compared to TS, indicating greater time-efficiency under CS. There 
were no differences in set or session totals for BPT TH, PV and PP within, or across, the 
two conditions. Bpull VL decreased significantly from set 1 to set 2 and from set 1 to set 
3 in the CS and TS conditions (p < 0.05) with percent changes shown in Table 2. There 
were no differences in set or session Bpull VL between the two conditions. Bpull VL and 
BPT TH, PV and PP data and effect sizes are shown in Table 3. CS was determined to be 
more efficient. Efficiency calculations are shown in Table 4. There were no EMG activity 
main effect differences or interactions. 
 
Table 2. Percent changes in volume load (VL) from Set 1 to Set 2 and Set 1 to Set 3 for 
bench pull (Bpull) during paired (CS) and traditional set (TS) protocols. Mean (SD) (N = 
18). 
_______________________________________________________________________ 
Variable       Set 1 -  Set 2     Set 1  -  Set 3 
_______________________________________________________________________ 
 CS TS CS TS 
_______________________________________________________________________ 
Bpull VL       -14.55%  -9.07%      -16.87 %            -14.17 % 
                              (±26.11)                (±13.89)                 (±29.90)             (±18.37)  
_______________________________________________________________________ 
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Table 3. Total volume load (VL), throw height (TH), peak velocity (PV), peak power 
(PP) and effect size (ES) per set and session for bench pull (Bpull) and bench press throw 
(BPT) during complex set (CS) and traditional set (TS) protocols. Mean (SD) (N = 18). 
____________________________________________________________________________________ 
           Set 1         Set 2         Set 3 Session 
___________________________________________________________________________________ 
Variable   CS        TS       ES        CS        TS       ES       CS        TS       ES CS        TS      ES 
___________________________________________________________________________________  
Bpull VL   386.56      394.25    0.06       332.76      361.61    0.23         315.37      336.54   0.16        1034.70   1094.29   0.17 
(kg)          (±135.8)  (±117.91)      (±157.31)  (±130.24)               (±142.04)  (±124.50)             (±394.53) (±358.47)  
 
BPT TH     86.23        86.11      0.01         85.73       87.63      0.13         87.88         86.76    0.09         262.48      260.49   0.06  
(cm)         (±14.80)   (±12.26)                 (±16.14)   (±12.94)    (±14.31)     (±11.67)                (±43.00)   (±24.89) 
 
BPT PV      6.57          6.56       0.02           6.54          6.61      0.14          6.58           6.57      0.02         19.84       19.75     0.07 
(m/s)        (±0.52)      (±0.41)                   (±0.59)      (±0.39)                 (±0.53)       (±0.41)                  (±1.57)    (±1.16) 
 
BPT PP    2973.01    3046.67    0.11        3020.66    3079.71   0.09       3022.90     3059.23   0.05      8903.92     9185.61  0.14  
(W)         (±679.08) (±648.39)                (±717.39) (±670.60)               (±702.53)  (±698.09)            (±2113.07) (±2004.52) 
___________________________________________________________________________________________________ 
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Table 4. Volume load (VL), throw height (TH), peak velocity (PV) and peak power (PP) 
efficiency calculations for session bench pull (Bpull) and bench press throw (BPT) during 
complex set (CS) and traditional set (TS) protocols. (N = 18). 
________________________________________________________________________ 
                 CS                    TS 
________________________________________________________________________ 
                           Value       Time*       Efficiency              Value    Time*       Efficiency  
Variable                (min)               (min)    
________________________________________________________________________ 
 
Bpull VL (kg)    1034.70     10        103.47 (kg/min)        1094.29    20        54.71 (kg/min) 
BPT TH (cm)      262.48      10        26.25 (cm/min)          260.49     20       13.02 (cm/min) 
BPT PV (m/s)     19.84        10         1.98 (m/s/min)           19.75       20       0.99 (m/s/min) 
BPT PP (W)        8903.92    10         890.39 (W/min)         9185.61   20      459.28 W/min) 
________________________________________________________________________ 
* The final set was initiated at 10 min. (CS) or 20 min. (TS) and therefore the total time 
to complete the sessions varied slightly (e.g., if 12 sec were required to complete the final 
set in the PS protocol, total time to complete the session would be 10.2 min). 
 
 
DISCUSSION 
CS training has been prescribed by practitioners as a means of developing strength and 
power. It has been suggested that this type of training results in acute performance 
enhancement (2). In the present study, augmentation of the performance measures was 
not observed. However, BPT TH, PV, PP and VL were not different per set, or for the 
session, under the CS and TS conditions. Efficiency calculations determined CS training 
to have approximately twice the efficiency as compared to TS training. These findings 
support the hypothesis that CS training allows for enhanced efficiency. Comparisons of 
EMG data suggest that neuromuscular fatigue is no greater in the CS than the TS 
    38
 
protocol. Although participants in the current study were trained males and 
predominantly collegiate athletes, it is possible that the findings might apply to other 
samples or populations (e.g., different age, gender, sporting background, training history, 
etc.). 
 It is perhaps not surprising that changes in EMG signal were not observed during 
sets of BPT. The experimental design in the present study (three sets of four throws with 
a 4-min RI between similar biomechanical work) was intended to allow participants to 
perform BPT in a non-fatigued state. The absence of significant changes in the EMG 
signal during sets of the Bpull exercise, may have been influenced by the fiber type 
composition of the monitored muscles and the relative involvement of the muscles in the 
exercise. Among the four monitored muscles in the present study, the latissimus dorsi has 
the highest percent of Type I (fatigue resistant) fibers (14,18) and, as such, is likely the 
most fatigue resistant. The latissimus dorsi likely plays the major role in the Bpull 
exercise. It is also possible that the 4-RM Bpull was not of sufficient duration to induce 
significant changes in EMG activity. Behm and St-Pierre (4) observed relatively little 
decrease in muscle activation (as reflected in EMG signal) and suggested short duration 
contractions (e.g., 4-RM) may not result in significant changes in EMG activity as 
compared to longer duration contractions. 
Coactivation refers to the concurrent activation of agonist and antagonist muscles 
(9,15). A triphasic pattern of EMG activity, whereby a large burst of agonist activity is 
followed by a shorter “braking” burst from the antagonistic musculature and finally a 
second agonist burst, has been suggested during rapid or ballistic contractions (10,11,13). 
The performance of a movement may be partially contingent on the net effect of this 
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activity (3). Baker and Newton (2) suggested that augmentation in bench press throw 
performance following loading of the antagonist musculature via a set of eight ballistic 
bench pulls may have been the result of an alteration in the triphasic pattern. Specifically, 
the researchers hypothesized that the Bpull altered the timing of the antagonist braking 
activity during the subsequent (3 min post-intervention) bench press throw. They 
postulated that a shorter braking phase from the antagonist would allow for a longer 
initial burst from the agonist and thereby allow for an increase in the performance 
measure. Augmentation in BPT performance was not observed in the present study. This 
is perhaps due to the implementation of a non-ballistic intervention (4-RM Bpull) 
performed for low repetitions (tendency to decrease from sets 1-3) in the present study, as 
compared to the intervention utilized by Baker and Newton (2) of eight ballistic bench 
pulls. It is also possible, although perhaps unlikely, that performance was enhanced to a 
similar extent in all three sets of CS BPT in the present study. This would not have been 
observed as a set of BPT without intervention (e.g., prior to the first set of Bpull) was not 
performed. However, the three sets of BPT performed under the CS condition were not 
only similar to one another, but also similar to the three sets of BPT performed under the 
TS condition. That is, if some augmentation occurred repeatedly and to the same extent 
over three sets under the CS condition, it must also have occurred under the TS condition. 
It would seem unlikely that a similar level of augmentation occurred prior to each set of 
BPT (under both conditions), as a result of the cumulative effects of the varying exercise 
performed prior to that set. Rather, it would seem more likely that there was no 
augmentation in performance. 
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It has been suggested that stored elastic energy and the stretch reflex may play a 
role (i.e., enhance agonist performance) in movements involving antagonist loading 
immediately prior to agonist activity (7). However, due to the prolonged RI (i.e., time 
between antagonist and agonist exercises) and the combination of non-ballistic and 
ballistic movements (Figure 1) utilized in the present study, and subsequent results, 
stored elastic energy and the stretch reflex were not considered a factor. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Single participant rectified triphasic electromyographic (EMG) pattern recorded 
in volts (V) on the pectoralis major and latissimus dorsi muscles over 700 milliseconds 
(ms) in the bench press throw exercise. 
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Although BPT performance was not enhanced, all three measures of power (TH, 
PV and PP) were maintained throughout all sets, and were similar, in both protocols. 
Fiber type composition of the musculature primarily involved in pressing, as compared to 
pulling, exercises suggests that maintenance of performance measures would be less 
likely in pressing, as compared to pulling, activities (14, 18). This was not observed in 
the present study. This can perhaps be explained by the nature of the pressing activity 
(i.e., BPT) in the present study. Unlike the pulling activity in the present study, the 
pressing activity was not performed to volitional failure. The experimental design in the 
present study was intended to be non-fatiguing with respect to BPT, thereby allowing 
participants to maximize power output over each of the four throws. Therefore, in the 
present study, it is perhaps not surprising that BPT TH, PV and PP were maintained over 
the three sets, whereas Bpull VL, over three sets performed to failure, was not. It would 
seem that 4-min RIs between like sets of non-fatiguing ballistic exercise (whether 
interrupted, or preceded, by antagonist work) are sufficient in order to maintain power. 
Bpull VL did not differ between the two conditions, but did decrease from set 1 to set 2 
and from set 1 to set 3 under both conditions. This would seem to indicate that a 4-min 
RI, between Bpull sets performed to volitional fatigue, was not adequate for the targeted 
musculature to recover and maintain VL. 
The results of the present study are limited to a single CS performed over three 
trials. Arguably, this is not indicative of a resistance training session targeting multiple 
muscle groups. It is possible the maintenance of power measures over a longer training 
session is not possible. It is also possible that the differences in session VL (see Table 3) 
in CS as compared to TS, although not statistically different in the present study, could 
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continue to grow over a longer training session and become significant. Furthermore, 
maintenance of similar acute TH, PV, PP and VL under CS, as compared to TS, does not 
necessarily yield equivalent, or efficient, chronic development of strength and power.  
PRACTICAL APPLICATIONS 
Time-constrained coaches and practitioners interested in training strength and power over 
the same time period (e.g., session, microcycle or mesocycle) may be well-advised to 
incorporate CS-type training. However, the use of antagonist preloading in an attempt to 
augment subsequent agonist power output is not recommended. Currently, the data 
supporting the hypothesis that CS-type training can enhance power output are limited. 
This study found that over three CS there were no significant effects on BPT ability as a 
result of antagonist pre-loading. Similar maintenance of TH, PV, PP and VL under CS as 
compared to TS indicate similar stress was imposed on the musculature in approximately 
half the time, and suggest efficiency is enhanced under CS. Despite the inability to 
maintain Bpull VL, BPT performance measures were maintained under the CS condition, 
suggesting that strength and power training can be combined in this manner without 
compromising power output. Although similar under both the CS and TS conditions 
Bpull VL was not maintained over the sessions, suggesting that practitioners aiming to 
maintain VL may wish to implement RI of greater than 4-min when using heavy loads. 
Further research is required in order to determine the rest interval necessary for complete 
recovery when using heavy loads over multiple sets. Predictions as to CS efficacy or 
efficiency with respect to chronic adaptation would be speculative at this time. However, 
it is possible that CS training is an efficient, and effective, method of developing strength 
and power. Practitioners able to develop strength and power in a time-efficient manner 
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will create more time for coaches to develop other components of performance. 
Conceivably, time-efficient development of strength and power will assist in enhanced 
athletic performance. Efficient development of strength and power will also have 
implications for the general population. Resistance training has been associated with 
improved health and a decrease in the risk of chronic disease and disability (21). 
Arguably, resistance training programs offering results in less time may be more 
attractive to greater numbers of the general population. Prior to prescribing CS-type 
training to the general population it is important to ensure familiarity with both high 
intensity (e.g., 4-RM) and high velocity (e.g., BPT) exercises. Increased numbers of 
individuals performing regular resistance training will have a positive effect on the 
overall health of the general population. Given this possibility, research investigating the 
chronic effects of CS training is warranted. 
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CHAPTER 3 
 
 
 
ACUTE PAIRING OF TWO HEAVY RESISTANCE 
EXERCISES 
 
 
 
Resistance training sessions aimed at developing strength commonly do not involve 
ballistic exercises. Heavy resistance exercises used to develop strength are often 
performed to failure and may be more fatiguing than ballistic exercise protocols designed 
to allow the participant to perform at peak or near-peak levels. It was determined in the 
initial study (Chapter 2) that the acute effects of a PS combination of a ballistic and a 
heavy resistance exercise performed over three sets were similar to those of a TS 
protocol. As similar output was achieved in approximately half the time under the PS 
condition, it was concluded that PS enjoyed enhanced efficiency. A logical next step in 
the investigation into time-efficiency was to examine the potentially more fatiguing 
combination of two heavy resistance exercises. Specifically, to investigate the acute 
effects of PS versus TS coupling bench pull and bench press exercises over three 
consecutive sets on volume load and EMG activity. 
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ABSTRACT 
The objective of this study was to investigate the acute effects of performing paired (PS) 
versus traditional set (TS) training over three consecutive sets, on volume load (VL) and 
electromyographic (EMG) activity of the pectoralis major, anterior deltoid, latissimus 
dorsi and trapezius muscles. Following a familiarization session sixteen trained males 
performed 2 testing protocols using 4 repetition maximum (4-RM) loads: TS (3 sets of 
bench pull (Bpull) followed by 3 sets of bench press (Bpress) performed in 
approximately 20 minutes) or PS (3 sets of Bpull and 3 sets of Bpress performed in an 
alternating manner in approximately 10 minutes). Bpull and Bpress VL decreased 
significantly from set 1 to set 2 and from set 2 to set 3 under both conditions. There was 
no difference between VL per set, or over the sessions, between the 2 conditions. PS was 
determined to be more efficient (VL/time) as compared to TS. Efficiency calculations for 
Bpull and Bpress were 106.06 (kg/min), 55.27 (kg/min) and 103.96(kg/min), 
55.37(kg/min) for PS and TS, respectively. EMG activity of the 4 monitored muscles was 
not different for the 2 conditions or within each condition over the three sets. However, 
there was a significant within-set response in EMG activity in the Bpress exercise. The 
data suggests that a 4-min rest interval between sets may not be adequate to maintain VL 
using either protocol. The data further suggests that PS training may be as effective as TS 
training in terms of VL maintenance and, more effective, in terms of efficiency. The 
comparison of EMG activity between the PS and TS protocols suggests that the level of 
neuromuscular fatigue does not differ under the 2 conditions. PS training would appear to 
be an effective method of exercise with respect to VL maintenance and efficiency. 
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INTRODUCTION 
Resistance training is an effective method for developing muscular strength (6). 
Furthermore, resistance training modalities that aim to enhance musculoskeletal 
conditioning have been associated with improved health and a decrease in the risk of 
chronic disease and disability (24). Athletes and trainers face a number of challenges in 
preparation for competition and the general population faces challenges with respect to 
the maintenance of health and wellness. Time is a constraint, and one such challenge, for 
athletes and the general population. Resistance training protocols that save time without 
compromising efficacy, or increase efficiency, could be advantageous to a variety of 
athletes and the general population. A number of resistance training schemes aimed at 
efficiency have been devised (2, 18, 21). One such “efficient” training scheme, which 
attempts to manipulate local fatigue, may be referred to as “paired set training”. For the 
purposes of this research, a paired set (PS) refers to the coupling of exercises targeting 
different muscle groups, performed coincidentally, in an alternating manner. Among a 
variety of possible combinations are paired sets which couple agonist and antagonist 
muscle groups. Within agonist/antagonist paired sets are a number of possible 
combinations, including pairing two heavy traditional weight training exercises (e.g., 
bench pull and bench press). Dissimilar exercises are performed in an alternating fashion 
with rest intervals between each set.  
Sufficient rest intervals (RI) between sets of resistance exercise are necessary in 
order to allow the exercised muscles to resynthesize intramuscular phosphocreatine and 
adenosine triphosphate and to remove metabolites detrimental to work production (5). It 
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has been suggested that a 3-5 minute RI between resistance training sets is adequate to 
recover and perform a similar amount of work in successive sets (8, 9, 10, 11, 15). 
During the 3-5 minute RI necessary for the initially targeted muscle group to recover, a 
participant performing PS exercises a different muscle group (i.e., one antagonistic to the 
muscle group initially exercised). Theoretically, the initially targeted muscle group is 
able to recover during its RI. The muscle group targeted in the second phase of the paired 
set is able to recover during a similar RI, during which time the initially targeted muscle 
group performs another set. The exercises are performed in this alternating manner over 
consecutive sets. Assuming recovery is possible over multiple sets, by concurrently 
training two muscle groups in such a manner, more work is performed per unit of time.  
Baker and Newton (1) investigated a pairing of agonist and antagonist exercises. 
They reported that power output (PO) in the bench press throw (BPT) was significantly 
greater when preceded by a set of bench pulls, compared to PO in a set of BPTs with no 
intervention. The researchers suggested that the augmentation of power output may have 
been due to enhanced reciprocal inhibition of the antagonist musculature. That is, the 
loading of the agonist altered the braking phase of the triphasic pattern of the antagonist 
musculature during the agonist power exercise. However, the researchers did not 
incorporate a mechanistic evaluation (i.e., EMG) into the research to support this 
hypothesis. The findings of Baker and Newton (1) are supported by Burke et al. (3), who 
investigated a set of isokinetic agonist/antagonist movements (seated bench press and 
seated bench pull) performed as one repetition. That is, there was no RI between the 
agonist and antagonist movements. They found a significant increase in torque 
production in the agonist exercise when the loads for both the agonist and antagonist 
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activities were low, allowing for fast contraction speeds. This was not the case when 
either contraction was performed at a slow contraction speed or when the antagonist 
contraction was isometric. The researchers hypothesized that stretch reflex and stored 
elastic energy within the agonist muscle group may have been responsible for the 
additional force observed when fast contractions were coupled with fast contractions. 
However, the investigators did not incorporate a mechanistic component (i.e., EMG) into 
the research to support this hypothesis. Unlike the two previously discussed studies, 
Maynard and Ebben (14) found a decrease in peak torque, rate to peak torque and peak 
power production in the agonist musculature when the antagonist muscle group were pre-
fatigued. Also unlike the two previously discussed studies, the researchers investigated 
the lower body, using isokinetic knee flexion and extension. The researchers measured 
the EMG activity of the agonist and antagonist musculature and suggested that perhaps 
the observed increase in EMG activity of the antagonist (co-contraction) may have been 
responsible for the attenuation in performance measures. It is unclear if there is a 
differential response in the upper body as compared to the lower body. It may be that the 
level of coactivation is greater in the knee flexors and extensors as compared to that seen 
in the chest and back muscle groups. A greater level of coactivation in the antagonist 
musculature may manifest itself as fatigue and affect that muscle group adversely when 
acting as an agonist.  
Commonly, athletes in a resistance training setting perform multiple sets of 
isotonic exercises. It should be noted that of the three studies discussed above, only Baker 
and Newton (1) investigated isotonic exercises. However, their study did not involve 
multiple sets. To date, there have been no scientific studies reported that have examined 
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the mechanism underlying, or responses to, PS in which agonist/antagonist pairings of 
high resistance isotonic exercises are investigated over consecutive sets. It is possible that 
this method of training could be a time-efficient method for developing strength without 
compromising efficacy.  The purpose of this study was to investigate the efficacy (VL 
maintenance) and efficiency (VL/time) of agonist/antagonist paired sets involving two 
heavy resistance exercises.  
METHODS 
Experimental Approach to the Problem 
A within-subject randomized, counterbalanced comparison was used to investigate 
whether significant differences in VL existed between PS and TS over three sets. Due to 
the familiarity of movement and widespread use as a means to develop strength, Bpull 
and Bpress were chosen as the pulling and pushing exercises, respectively. A 4-RM was 
prescribed for all sets in both protocols and was performed to failure, which was 
considered to have been reached when another repetition using proper technique could 
not be performed (25). The completed number of proper repetitions was recorded for 
each set and used to calculate VL for each set of both exercises. High intensity loads 
(e.g., 4-RM) performed over repeated trials have been recommended with respect to 
strength development (2, 27). The TS protocol was designed to reflect the common 
practice of stressing one muscle group via multiple sets, before moving on to another 
muscle group. The PS protocol was designed to stress the same musculature as that 
stressed under the TS condition, but in less time. The total time required to complete the 
testing sessions, and the order in which the exercises were performed, differed between 
the two protocols (PS and TS). In both protocols, a 4-min RI was instituted between like 
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exercise sets. The TS protocol involved performing 3 sets of Bpull followed by 3 sets of 
Bpress, with a 4-min RI between each set (Figure 1). The PS protocol performed the 
same exercises (Bpull and Bpress), but in an alternating manner. The RI between like 
exercise sets was similar to that used in the TS protocol (4-min) and the RI between 
unlike exercise sets was 2 minutes. That is, the PS protocol required approximately half 
the time to complete, as compared to the TS protocol. The second exercise set (Bpress) 
was performed in such a manner that the midpoint of the execution of the second exercise 
set was two minutes after the beginning of the execution of the first exercise set (Figure 
2).  
In order to assist in the explanation of any observed differences in VL, EMG 
responses of 4 muscles (pectoralis major, anterior deltoid, latissimus dorsi and middle 
portion of the trapezius) were monitored in every set of both exercises. Specifically, 
mean amplitude of the root mean square (RMS) and the median frequency (MDF) were 
collected. Fatigue induced changes in RMS (increases) and MDF (decreases) EMG 
signals can provide an indication of general motor unit activation and signal frequency, 
respectively (23).   
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Figure 1. Schematic representation of TS protocol involving 3 sets of 4 repetition 
maximum (4-RM) bench pull (Bpull) and bench press (Bpress). 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Schematic representation of PS protocol involving 3 sets of 4 repetition 
maximum (4-RM) bench pull (Bpull) and bench press (Bpress). 
 
Subjects 
Sixteen trained males with at least one year‟s training experience with pushing and 
pulling resistance exercises volunteered to participate in the study. Participants were 
generally collegiate athletes with several years training experience and testing occurred 
during the off season (the month of June). The participants‟ descriptive data are displayed 
in Table 1. The study was approved by the University Human Ethics Committee Review. 
Prior to the investigation, all subjects were briefed on the testing protocols, experimental 
risks, equipment and the nature of the study prior to signing an informed consent 
document. All participants were asked to refrain from any upper-body training in the 48 
hours prior to each training session. 
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Table 1.   Description of subjects 
__________________________________________________________________________ 
       Age (y)      Height (cm)  Mass (kg)     4-RM Bpull* (kg)     4-RM Bpress** (kg) 
__________________________________________________________________________ 
Mean           23.8               184.2              87.5                   77.5                        90.0 
SD           5.2                  8.5                16.0                   12.3                        20.2 
__________________________________________________________________________ 
* four repetition maximum bench pull 
** four repetition maximum bench press 
 
Procedures 
VL was measured during all sets of both protocols by multiplying the load by the number 
of correct repetitions achieved. Participants underwent a familiarization session to 
determine their 4-RM for the bench pull and bench press, and were instructed on exercise 
technique. In order to determine 4-RM, participants performed a set of 5-10 repetitions 
using 30-50% of expected maximum, followed 1 minute later by a set of 3-5 repetitions 
using 50-70% of expected maximum. After a 2-min RI, 4-RM attempts were made with 
approximately 2-min RIs between attempts. If an attempt was successful using correct 
technique, further attempts were made using increasing increments of weight. The last 
successful attempt was recorded as the participant‟s 4-RM in that lift. This procedure was 
adopted from Stone and O‟Bryant (22) with one change- rather than 1-min RIs between 
attempts, 2-min RIs were used. The familiarization session was performed 1 week prior 
to the first testing session, which was performed 1 week prior to the second testing 
session. All testing was performed at the same time of day and a standardized warm-up 
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(specific to the testing protocol) was performed in all 3 sessions. Prior to testing, 
participants performed progressive submaximal exercise. Specifically, participants 
performed three sets of lifts similar to the two lifts being tested, at 60, 80 and 90% of 4-
RM (calculated from the previously determined 4-RM). A 4-min RI was provided 
between like exercises. Prior to the TS testing session, the warm-up sets were executed in 
a successive manner - that is, 3 sets of the first exercise followed by 3 sets of the second 
exercise. Prior to the PS testing session, the warm-up sets were performed in an 
alternating manner.  
All sets of both Bpull and Bpress were performed to failure using previously 
determined 4-RM loads. The bench pull tests were performed on an adjustable high 
bench (Apex B45 adjustable flat bench), positioned on Step1005 platforms. Participants 
were instructed to lie prone on the bench and grasp an Olympic bar placed on the floor, 
with a pronated grip. The bench was adjusted so that the participant‟s arms were straight 
in this position. A repetition was deemed to have been completed by moving the bar from 
the floor until it touched the bottom of the bench. Between repetitions the bar was 
motionless on the floor for 1-2 seconds. Hand placement and tempo were self-
determined. Participants were instructed to keep their head, upper body and legs flat to 
the bench. When performing the bench press, participants lay supine on a flat bench with 
feet flat on floor and head, shoulders and buttocks flat to the bench. A repetition was 
deemed to have been completed when the bar was moved from the chest to a position of 
full elbow extension. Between repetitions the bar was momentarily held motionless on 
the chest. Hand placement and tempo were self-determined.  
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Prior to the commencement of the three testing sessions, a reliability study 
involving 10 of the subjects who later participated in the study determined the test-retest 
(separated by one week) intraclass correlation coefficients (ICC) and percent total error 
(%TE).  
Electromyography. EMG data were collected using surface electrodes (Delsys DE-2.1 
sensors), with an inter-electrode distance of 1 cm using an active differential preamplifier 
configuration (Delsys DE 2.1, Boston MA). These electrodes were connected to an 
analog to digital converter (Bagnoli  Myomonitor III wireless system, Delsys Inc., 
Boston, MA) and acquired with the assistance of proprietory software (EMGworks 
Acquisition 3.5, Delsys Inc., Boston, MA). EMG signals were amplified by 1000 with a 
frequency band-pass of 20 - 450 Hz (common mode rejection ratio of 92 dB) and 
recorded at 1000 Hz (Bagnoli  Myomonitor III wireless system, Delsys Inc., Boston, 
MA). The mean amplitude of the root mean square (RMS) and the median frequency 
(MDF), analysis was performed using custom written software (National Instruments 
LabVIEW 8). Briefly, the RMS is the square root of the average power of the EMG 
signal for a given period of time and was measured according to Equation 1. 
 
 
Equation 1. 
 
Where xrms is the computed EMGRMS value. T1 and T2 are the limits of the chosen time 
interval. f(t) is the continuous unprocessed EMG signal. The averaging window for RMS 
was 100ms and all reported values are the mean RMS over a predetermined sampling 
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window from the onset to the end of each contraction. The MDF is defined as the 
frequency that divides the power density spectrum in two equal regions. Thus the MDF 
was calculated by finding the frequency that halved the integrated power spectrum of the 
EMG signal over a predetermined sampling window from the onset to the end of each 
contraction. Data was collected throughout the entire set, for all sets. EMG data collected 
from the entire (concentric and eccentric) first contraction were compared to EMG data 
of the entire final contraction.  
The EMG signal was acquired from pectoralis major, anterior deltoid, latissimus 
dorsi and trapezius muscles located on the right side of each participant using surface 
electrodes with an inter-electrode distance of 1 cm. The pectoralis major electrode was 
placed mid-point between the acromion process and the xiphoid process. The anterior 
deltoid electrode was placed on the midbelly, 3-4 cm beneath the anterior margin of the 
acromion process. The latissimus dorsi electrode was placed lateral to the inferior angle 
of the scapula. The trapezius electrode was placed midway between the scapula spine and 
spinous process at same level. A ground electrode (Flexible 1-cm disposable Ag-AgCl 
surface EMG electrodes, Thought Technologies Ltd, Montreal, PQ, CAN Catalog# 3425) 
was placed on the right elbow. Prior to electrode placement, the area of skin was 
thoroughly prepared with abrasive paper and isopropyl alcohol swabs to improve 
conductivity of the EMG signal.  
Traditional Set Protocol. Prior to testing, participants performed the above-described 
standardized warm-up. Testing commenced following a 4-min RI. Three sets of Bpull 
were followed by 3 sets of Bpress, with a 4-min RI between each set. All sets were 
performed to failure using a previously determined 4-RM load. The load and number of 
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correct repetitions completed were recorded for each set of both exercises. All sets of 
Bpress were spotted by an experienced lifter to ensure volitional fatigue was achieved 
safely, and with the confidence of the subject. The testing session took approximately 20 
minutes to complete. During the RI between sets, participants engaged in passive rest and 
were given verbal encouragement. 
Paired  Set Protocol. Prior to testing, participants performed a warm-up similar to that 
performed in the traditional set protocol, except that the submaximal exercises were 
performed in an alternating manner, rather than successively. Similar testing procedures 
to those used in the traditional set protocol were implemented. However, the 3 sets of 
Bpull were performed in an alternating manner with the 3 sets of Bpress. Also, although 
the RI between like sets was 4 min, the RIs between work performed were less. At the 
mid-point of the RI between like sets, the other exercise (i.e., antagonistic) was executed. 
The RI between work performed was approximately 2 minutes. Therefore the testing 
session was completed in approximately 10 minutes. During the RI between sets, 
participants engaged in passive rest and were given verbal encouragement. 
Statistical Analyses 
The set and session totals of VL for Bpull and Bpress in both testing protocols were 
calculated. These data were analyzed using a 2-way analysis of variance (ANOVA) (2x3) 
with repeated-measures and paired t-tests to determine whether there were significant 
main effects or interactions for the type of training (TS and PS) and the sets (1, 2 and 3). 
Analysis of the data to determine if any significant differences existed between the two 
testing protocols was performed to investigate the influence of PS on the maintenance of 
VL. EMG data, (RMS and MDF), were gathered for the first and last repetition of each 
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set. EMG data were analyzed using a 3-way ANOVA (2x3x2) with repeated measures to 
determine whether there were significant main effects or interactions for the type of 
training (TS and PS), the sets (1, 2, and 3) and the repetitions (first repetition and last 
repetition). Efficiency (VL/time) calculations were also made. The level of statistical 
significance was set at p ≤ 0.05 for all tests with the exception of the 3-way ANOVA 
comparing the EMG in PS to TS, and within each condition, which was adjusted using 
the Bonferroni technique and set at p ≤ 0.001. All statistical tests used SPSS version 16. 
Effect size calculations were performed on measures of VL (7). 
The reliability study determined intraclass correlation coefficients (ICC) and 
percent total error (%TE) for average and total VL over 3 sets for Bpull and Bpress 
ranged between 0.91 (3.9%) and 0.99 (13.4%), respectively. Paired sample t-tests 
revealed no significant (p < 0.001) differences between the two testing occasions. The 
test-retest ICC of the EMG measures for the four monitored muscles ranged between 0.83 
and 0.96. 
RESULTS 
Independent analysis of testing protocols found both Bpull and Bpress VL decreased 
significantly from set 1 to set 2 and from set 2 to set 3 in the PS and TS conditions (p < 
0.05). The percent changes, from set to set, in Bpull and Bpress are shown in Table 2. 
However, there was no difference in Bpull or Bpress VL per set, over the 3 sets 
performed, between the 2 conditions. There was also no difference in session Bpull or 
Bpress VL under the 2 conditions. VL data and effect sizes for Bpull and Bpress are 
shown in Table 3. PS was determined to be more efficient. Efficiency calculations are 
shown in Table 4. There were no EMG activity main effects or interactions for type of 
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training or between sets. There was a main effect for repetitions observed in the 
pectoralis major, anterior deltoid and trapezius muscles for both RMS and MDF. 
Specifically, RMS increased and MDF decreased significantly during the Bpress exercise 
in each set in both conditions. The within-set percent changes observed during Bpull and 
Bpress are shown in Table 5. 
 
Table 2. Percent changes in volume load (VL) from Set 1 to Set 2 and Set 2 to Set 3 for 
bench pull (Bpull) and bench press (Bpress) during paired (PS) and traditional set (TS) 
protocols. Mean (SD) (N = 16). 
_______________________________________________________________________ 
Variable       Set 1 -  Set 2     Set 2  -  Set 3 
_______________________________________________________________________ 
 PS TS PS TS 
_______________________________________________________________________ 
Bpull VL       -9.75%  -13.36%      -15.51 %            -10.42 % 
                             (±19.25)                 (±17.48)                (±24.59)             (±19.21)  
 
Bpress VL             -8.25%                 -11.56 %      -29.78 %         -12.41 % 
     (±31.10)              (±22.33)       (±21.41)           (±25.28) 
________________________________________________________________________ 
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Table 3. Total volume load (VL) and effect size (ES) per set and session for bench pull 
(Bpull) and bench press (Bpress) during paired set (PS) and traditional set (TS) protocols. 
Mean (SD) (N = 16). 
_________________________________________________________________________________________ 
               Set 1            Set 2            Set 3                             Session 
________________________________________________________________________________________ 
Variable       PS        TS       ES           PS        TS       ES           PS        TS       ES     PS        TS      ES 
________________________________________________________________________________________  
    Bpull VL           397.46       420.71       0.13           361.17        363.01        0.01             301.92         321.77      0.14             1060.56        1105.49     0.10 
     (kg)                 (±174.61)    (±180.39)                        (±166.98)   (±151.21)                        (±152.71)    (±135.69)                      (±467.34)     (±448.38)          
 
     Bpress VL        422.83          434.17       0.04               365.99        362.87        0.02             250.75          310.43      0.40            1039.58        1107.47     0.12 
     (kg)                (±213.63)     (±292.66)                         (±164.82)   (±216.57)                      (±123.79)      (±172.62)                     (±485.16)     (±660.25) 
_________________________________________________________________________________________ 
 
 
Table 4. Efficiency (volume load/time) calculations for session bench pull (Bpull) and 
session bench press (Bpress) during paired set (PS) and traditional set (TS) protocols.  
(N = 16). 
________________________________________________________________________ 
                 PS                    TS 
________________________________________________________________________ 
                           VL (kg)       Time*       Efficiency           VL (kg)    Time*       Efficiency  
Variable                   (min)        (kg/min)               (min)          (kg/min) 
________________________________________________________________________ 
 
Bpull                  1060.56         10              106.06             1105.49        20              55.27  
Bpress                1039.58         10              103.96             1107.47        20              55.37 
________________________________________________________________________ 
* The final set was initiated at 10 min. (PS) or 20 min. (TS) and therefore the total time to 
complete the sessions varied slightly (e.g., if 12 sec were required to complete the final 
set in the PS protocol, total time to complete the session would be 10.2 min). 
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Table 5. Percent changes in electromyographic signal, root mean square (RMS) and 
median frequency (MDF), from first repetition to final repetition in sets 1, 2 and 3 of the 
pectoralis major (pec. major), anterior deltoid (ant. delt.) and trapezius muscles for bench 
press during paired (PS) and traditional set (TS) protocols. Mean (SD) (N = 16). 
________________________________________________________________________ 
    Set 1   Set 2    Set 3 
________________________________________________________________________ 
Variable      PS             TS              PS              TS              PS              TS 
________________________________________________________________________ 
RMS: Pec. major       -51.11%     -46.16%    -58.07%      -55.13%     -41.28%     -39.07% 
           (±26.98)     (±31.25)    (±46.69)      (±45.93)     (±22.01)    (±18.73) 
 
RMS: Ant. delt.         -57.26%     -38.67%     -58.83%       -39.61%    -41.91%    -33.56% 
           (±43.02)     (±40.44)     (±44.16)       (±22.68)    (±38.32)    (±20.37) 
 
RMS: Trapezius        -33.06%      -13.89%    -20.94%        -23.19%    -24.60%    -22.19% 
                                  (±30.43)      (±28.91)    (±30.31)         (±26.20)    (±21.07)   (±30.91) 
 
MDF: Pec. major       16.35%        18.31%     13.82%          13.35%       8.74%       8.62% 
                                  (±8.20)         (±5.95)      (±7.36)          (±5.71)       (±6.98)     (±4.75) 
MDF: Ant. delt.         19.32%        18.54%     18.17%          18.35%      13.27%     10.91% 
                                   (±7.44)         (±8.45)     (±8.53)           (±5.92)      (±6.47)     (±8.72) 
 
MDF: Trapezius        12.54%        12.00%      8.52%           13.38%        9.86%      7.64% 
                                  (±14.86)       (±9.76)     (±13.15)        (±11.11)      (±10.42)   (±8.85) 
 
________________________________________________________________________ 
 
 
DISCUSSION 
PS training, under designations such as “super sets” or “compound sets”, has been 
prescribed by practitioners as a means of developing strength. It has been suggested by 
various body-building publications that this type of training is time-efficient, without 
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compromising results. In the present study, Bpull and Bpress VL were not different per 
set, or for the session, under the PS and TS conditions. Efficiency calculations (see Table 
4) determined PS training to have almost double the efficiency as compared to TS 
training. These findings would seem to support the hypothesis that with respect to PS 
training efficiency is enhanced, as the session time was approximately half with no 
significant decrease in VL. Comparisons of EMG data across the two conditions indicate 
that the PS protocol had no greater neuromuscular activation deficits than the TS 
protocol. 
Although there were no differences in EMG signal across conditions or from set 
to set, there were differences from first repetition to final repetition within all sets of 
Bpress in both conditions in the pectoralis major, anterior deltoid and trapezius muscles. 
This was not observed in the latissimus dorsi muscle during Bpress, or in any of the four 
monitored muscles during sets of Bpull. This can perhaps be explained by the fiber type 
composition of the four muscles and the relative involvement of the muscles in the 
Bpress and Bpull exercises. The percentage of Type I (fatigue resistant) fibers in the 
pectoralis major, anterior deltoid, latissimus dorsi and trapezius muscles has been 
reported to be 35, 47, 48 and 44, respectively (12, 20) . That is, among the four monitored 
muscles, the latissimus dorsi is arguably the most fatigue resistant. Furthermore, with 
respect to the Bpress exercise it is likely that the latissimus dorsi does not play the major 
role, whereas, with respect to the Bpull exercise the latissimus dorsi plays the major role. 
With respect to the Bpress exercise, the pectoralis major and anterior deltoid are likely 
the major contributors in this movement.  
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The contractile response of skeletal muscle is partially determined by its 
contractile history (13). Due to the nature of PS training, the contractile history of the 
agonist and antagonist must be considered. Coactivation refers to the concurrent 
activation of agonist and antagonist muscles (4, 16). Unlike the present study, the two 
previous studies which investigated upper body contrast sets (1, 3) did so in attempts to 
augment performance and, as such, utilized different protocols. The coactivation-related 
mechanisms proposed by the researchers to explain the observed acute performance 
enhancement are unlikely to have played a role in the present study. Due to the nature of 
the protocol (i.e., non-ballistic type movements, pauses at the end of the range of motion, 
and a 2-min RI between agonist and antagonist exercises) utilized in the present study, 
and subsequent results, changes in stored elastic energy (3) or the extent of EMG activity 
(both RMS and MDF) (1) were not a factor.  
This study only examined responses of one PS (2 exercises) performed over 3 
trials (6 sets). Commonly, resistance training sessions targeting multiple muscle groups 
involve more than 2 exercises and more than 6 sets. Thus, the differences in session VL 
(Bpull and Bpress) in PS as compared to TS, although not statistically different in the 
present study, could continue to grow over a longer training session and manifest 
themselves as significant. Furthermore, it must be acknowledged that the maintenance of 
a similar acute VL under PS, as compared to TS, does not necessarily yield equivalent, or 
effective, chronic development of strength over an extended period of time. 
 Although VL did not differ between the 2 conditions, VL did decrease from set 1 
to set 2 and from set 2 to set 3 in both exercises under both conditions. This would seem 
to indicate that a 4-min RI was not adequate for the targeted musculature to recover from 
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local fatigue and maintain the volume of work. Although, to date, there have been no 
scientific studies reported examining VL maintenance in the Bpull, a number of studies 
have examined VL maintenance in the Bpress exercise. However, Bpress VL 
maintenance has not been examined as the 2
nd
 exercise in a training session- that is, 
following 3 sets of Bpull (TS) or as half of a paired set (PS). 
The RI necessary to maintain Bpress repetitions would appear to be dependent on 
the magnitude of the load. Specifically, submaximal (i.e., < 90% of 1-RM) loads 
performed to failure would seem to require somewhat longer RIs as compared to 
maximal (i.e., 1-RM) loads (8, 27). Weir et al., (26) found a 1-min RI adequate to 
perform a 1-RM over 2 sets. Kraemer (8) found a 3-min RI was adequate to maintain a 
10-RM over 3 sets. In contradiction to these findings, Willardson and Burkett (28) 
determined that a 5-min RI was not adequate to maintain Bpress repetitions using an 8-
RM over 4 consecutive sets. Similarly, Richmond and Godard (17) found a decline in 
repetitions over 2 trials separated by 5 min, using a load of 75% of 1-RM. With respect to 
the four studies (three described above and the present one) using loads between 70 and 
90% of 1-RM, it is possible that the training status of the participants in the study which 
found repetition maintenance (8) was different than that of the participants in the studies 
which did not. Specifically, the participants in the Kraemer (8) study were Division 1 
American College football players, whereas the participants in the other three studies 
were recreationally trained.  It is likely that the Division 1 football players were better 
adapted to performing maximal effort Bpress over consecutive sets than were the 
recreationally trained participants. The results of the present study suggest that when 
Bpress is performed as the 2
nd
 exercise in a training session, or as half of a paired set, 
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greater than 4-min RIs are required in order to maintain VL when using a load of less 
than 90% of 1-RM. It would appear this is also the case for the Bpull exercise when 
performed as the 1
st
 exercise in a training session, or as half of a paired set. 
A relatively large body of literature exists examining the relationship between RI 
length and volume maintenance. However, the literature has predominantly focused on 
this relationship over repeated trials of a single exercise. Under the TS condition in the 
present study, VL was monitored over repeated trials of 2 exercises performed one after 
another. Arguably, this structure more closely mimics a true training session as compared 
to studies which investigated a single exercise over repeated trials. Not only was a 4-min 
RI inadequate with respect to maintaining VL over the initial 3 sets of Bpull, but it was 
also inadequate in terms of VL maintenance over the subsequent 3 sets of Bpress. As VL 
in the 1
st
 set of Bpress was not significantly different between the 2 conditions, it would 
seem as if the cumulative effects of performing 3 sets of a 4-RM Bpull with 4-min RIs, 
prior to the 1
st
 set of Bpress under the TS condition, were no different than the effects of 
performing 1 set of a 4-RM Bpull 2 minutes prior to the 1
st
 set of Bpress under the PS 
condition. These findings would seem to add to the plausibility that at the onset of the 1
st
 
set of Bpress in the TS protocol the musculature predominantly involved in the Bpress 
exercise was not in a fatigued state - or, at least, in no more of a fatigued state than if a 
single set of 4-RM Bpull had been performed 2 minutes prior to the onset of the Bpress. 
The performance of 3 sets of Bpull prior to the onset of 3 sets of Bpress had little effect 
on the outcome of the Bpress sets. If this is the case, it would seem that in a training 
session involving agonist/antagonist muscle groups, whereby agonist work is followed by 
antagonist work, in which volume maintenance is a desired outcome, RI between sets of 
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both the 1
st
 and 2
nd
 exercises should be similar. That is, with respect to volume 
maintenance, given the results of the present study, consideration of antagonist work 
performed prior to agonist work is perhaps unwarranted. 
Outcomes in acute efficiency (VL/time) do not necessarily translate into similar 
outcomes in chronic adaptation. That PS training is an efficient training method as 
compared to TS training does not necessarily mean PS training is efficient, with respect 
to chronic adaptation. The training-induced outcome is affected by fatigue, the variable 
largely responsible for determining acute efficiency. It has been suggested that fatigue 
may, in fact, act as a stimulus for strength development (19). Ultimately, it is the training 
outcome which is of importance, and therefore fatigue (as reflected in a diminished 
ability to perform work) may or may not be detrimental or beneficial.  
PRACTICAL APPLICATIONS 
PS-type training has been prescribed for years by practitioners as a time-effective means 
of developing strength. However, scientific data to support its efficacy is limited. The 
current data indicate that heavy resistance (4-RM) PS training allows a similar loading to 
be imposed on the musculature as that achieved with TS training. However, under both 
the PS and TS conditions VL was not maintained from set to set, suggesting that 
practitioners aiming to maintain VL may wish to implement RI of greater than 4-min 
when using heavy loads. Further research is required in order to determine the rest 
interval necessary for complete recovery when using heavy loads over multiple sets. 
Predictions as to the chronic effects of PS training would seem premature at this time. 
However, it is possible that PS training is an efficient, and effective, method of 
developing strength. If this is the case, and practitioners are able to develop strength in a 
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time-efficient manner, more time can be spent on other aspects of athletic development 
(e.g., skill development). Better use of resources (i.e., time) should theoretically result in 
the attainment of higher levels of athletic performance. Furthermore, as resistance 
training has been associated with improved health and a decrease in the risk of chronic 
disease and disability (24), time-efficient programs would likely have a positive effect on 
the health of the general population. That is, practitioners able to offer clients results in 
less time would likely see an increase in the number of individuals willing to adhere to 
resistance training programs. More people involved in resistance training would 
undoubtedly be a benefit in terms of overall population health. Given this possibility, 
longitudinal studies investigating the chronic effects of PS training are warranted. 
ACKNOWLEDGMENTS  
This research was funded by the University of Ballarat (Australia). The authors would 
also like to thank the University of Victoria (Canada) and Canadian Sport Centre-Pacific 
for the allowance of laboratory space and equipment. 
 
The authors have no conflicts of interest that are directly relevant to the contents of this 
manuscript.  
 
 
 
 
 
 
    71
 
 
References 
 
1. Baker, D. and Newton, RU. Acute effect on power output of alternating an 
agonist and antagonist muscle exercise during complex training. J Strength Cond 
Res, 19(1): 202-205, 2005. 
2. Berger, RA. Effect of varied weight training programs on strength. Res Q, 33: 
169-181, 1962. 
3. Burke, DG, Pelham, TW, and Holt, LE. The influence of varied resistance and 
speed of concentric antagonistic contractions on subsequent concentric agonist 
efforts. J  Strength Cond Res, 13(3): 193-197, 1999. 
4. De Luca, CJ, and Mambrito, B. Voluntary control of motor units in human 
antagonist muscles: coactivation and reciprocal activation. J  Neurophysiol, 58: 
525-542, 1987. 
5. Green, H. J. Mechanisms of muscle fatigue in intense exercise. J Sport Sci, 15(3): 
247-256, 1997. 
6. Hakkinen, K, and Komi, PV. Effect of different combined concentric and 
eccentric muscle work regimens on maximal strength development. J Hum Mov 
Stud, 7: 33-41, 1981. 
7. Hopkins, WG. A New View of Statistics. Retrieved Sept. 24, 2008 from 
http://www.sportsci.org/resource/stats/index.html, 2008. 
8. Kraemer, WJ. A series of studies- the physiological basis for strength training in 
American football: fact over philosophy. J Strength Cond Res, 11: 131-142, 1997. 
    72
 
9. Kraemer, WJ., Adams, K, Cafarelli, E, Dudley, GA, Dooley, C, Feigenbaum, MS, 
et al. Progression models in resistance training for healthy adults. Med Sci Sport 
Exerc, 34(2): 364-380, 2002. 
10. Kraemer, WJ, Noble, B, Clark, M and Culver, B. Physiologic responses to heavy-
resistance exercise with very short rest periods. Inter J Sport Med, 8: 247–252, 
1987. 
11. Kramer, JB, Stone, MH, O‟Bryant, HS, Conley, MS, Johnson, RL, Nieman, DC, 
et. al. Effects of single vs. multiple sets of weight training: impact of volume, 
intensity, and variation. J Strength Cond Res, 11(3): 143-147, 1997. 
12. Lindman, R, Eriksson, A and Thornell, LE. Fiber type composition of the human 
male trapezius muscle: Enzyme-histochemical characteristics. Am J Anat, 189(3): 
236-244, 1990. 
13. MacIntosh, BR, and Rassier, DE. What is fatigue. Can  J  Appl Physiol, 27(1): 42-
55, 2002. 
14. Maynard, J, and Ebben, WP. The effects of antagonist prefatigue on agonist 
torque and electromyography. J Strength Cond Res, 17(3): 469-474, 2003. 
15. Pearson, D, Feigenbaum, A, Conley, M, and Kraemer, W. The National Strength 
and Conditioning Association's basic guidelines for the resistance training of 
athletes. Strength Cond J, 22: 14–27, 2000.  
16. Psek, JA, and Cafarelli, E. Behaviour of coactive muscles during fatigue. J Appl 
Physiol, 74: 170-175, 1993. 
    73
 
17. Richmond, SR, and Godard, MP. The effects of rest periods between sets to 
failure using the bench press in recreationally trained men. J Strength Cond Res, 
18: 846-849, 2004. 
18. Robbins, DW. Postactivation potentiation and its practical applicability: A brief 
review. J Strength Cond Res, 19(2): 453-458, 2005. 
19. Rooney, KJ, Herbert, RD, and Balnave, RJ. Fatigue contributes to the strength 
training stimulus. Med Sci Sport Exerc, 26(9): 1160-1164, 1994. 
20. Srinivasan, RC, Lungren, MP, Langenderfer, JE, and Hughes, RE. Fiber type 
composition and maximum shortening velocity of muscles crossing the human 
shoulder. Clinic Anat, 20, 144-149, 2007. 
21. Staley, C. Fitness professional: five tips to improve your efficiency. Pro-Trainer-
Online. Retrieved November 11, 2004, from 
http://www.protraineronline.com/past/june23/fivetips.cfm, 2000. 
22. Stone, MH, and O‟Bryant, HS. Weight Training: A Scientific Approach. 
Minneapolis: Bellweather,1987. 
23. Tarata, MT. Mechanomyography versus electromyography, in monitoring the 
muscular fatigue. BioMed Eng Online, 2:3, 2003. 
24. Warburton, DE, Nicol, CW, and Bredin, SS. Prescribing Exercise as Preventative 
Therapy. Can Med Assoc J, 174(7): 961-974, 2006. 
25. Wathen, D. Strength training and spotting techniques. In: Essentials of Strength 
Training and Conditioning. Baechle, TR, ed. Champaign, Il: Human 
Kinetics,1994. pp.345-400. 
    74
 
26.  Weir, JP, Wagner, LL, and Housh, TJ. The effect of rest interval length on 
repeated maximal bench press. J Strength Cond Res, 8(1): 58-60, 1994. 
27. Weiss, LW, Coney, HD, and Clark, FH. Different functional adaptations to short-
term low-, moderate-, and high repetition weight training. J Strength Cond Res, 
13: 236-241, 1999. 
28. Willardson, JM, and Burkett, LN. A comparison of three different rest intervals 
on the exercise volume completed during a workout. J Strength Cond Res, 19: 23-
26, 2005. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    75
 
 
 
 
 
CHAPTER 4 
 
 
 
 
CHRONIC EFFECTS OF PAIRED SET TRAINING 
 
 
 
The first two studies in this series led to the conclusions that over three sets of pairings of 
either two heavy resistance exercises or a heavy resistance exercise with a ballistic 
exercise, that performance measures and the level of neuromuscular fatigue were similar 
under PS as compared to TS. PS was deemed to be more time-efficient in both studies as 
similar results were obtained in approximately half the time. As chronic strength and 
power development is the primary goal of PS training, the logical next step was to 
investigate the chronic effects of performing PS training over an extended period. 
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Abstract 
The objective of this study was to investigate the chronic effects on strength and power of 
performing complex (CS) versus traditional set (TS) training over eight weeks. Fifteen 
trained males were tested for throw height (TH), peak velocity (PV) and peak power (PP) 
in the bench press throw (BPT) and one-repetition-maximum (1-RM) in the bench press 
(Bpress) and bench pull (Bpull) exercises, pre- and post-program. The TS group 
performed the pulling prior to the pressing exercise sets, whereas the CS group alternated 
pulling and pushing sets. The CS training sessions were completed in approximately half 
the time. Electromyographic (EMG) activity was monitored during both testing sessions 
in an attempt to determine if it was affected as a result of the training program. Although 
there were no differences in the dependent variables between the two conditions, Bpull 
and Bpress 1-RM increased significantly (2.19% and 2.44%, respectively) under CS and 
PP increased significantly (9.40%) under the TS condition. Effect size statistics suggested 
CS was more time-efficient, as compared to TS, with respect to development of 1-RM 
Bpull and Bpress, PV and PP.  Efficiency calculations for 1-RM Bpull and Bpress, PV 
and PP were 1.00 (kg/hour), 1.13 (kg/hour), 0.06 (m/s/hour), 50.73 (W/hour) and 0.26 
(kg/hour), 0.45 (kg/hour), 0.02 (m/s/hour), 27.05 (W/hour) for PS and TS, respectively. 
EMG activity was not affected. CS training would appear to be an effective method of 
exercise with respect to efficiency and strength development. 
 
 
Key Words: complex set, bench press throw, bench pull, bench press, complex training 
 
    78
 
Introduction  
Resistance training is an effective method for developing muscular strength and 
power (Hakkinen & Komi, 1981). Complex training is a resistance-training modality that 
commonly involves the coupling of biomechanically similar exercises, performed in an 
alternating manner. A less common complex training design pairs biomechanically 
dissimilar exercises, targeting agonist and antagonist muscle groups. Among a number of 
possible agonist/antagonist combinations are pairs of heavy traditional weight-training 
exercises (e.g., bench pull and bench press) and pairs of heavy traditional weight-training 
and ballistic exercises (e.g., bench pull and bench press throws). For the purposes of this 
research a complex set refers to agonist/antagonist pairs of either two heavy resistance 
exercises or a heavy resistance and ballistic exercise performed over repeated trials, in an 
alternating manner, with rest intervals between each set.  
Research exists suggesting that antagonist pre-loading may result in acute 
performance enhancement of the agonist musculature. Baker and Newton (2005) reported 
that power output in the bench press throw was significantly greater when preceded by a 
set of ballistic bench pulls, compared to power output in a set of bench press throws with 
no intervention. These researchers suggested that the bench pull exercise altered (i.e., 
shortened) the braking phase of the triphasic pattern of the antagonist musculature, 
thereby allowing for longer total agonist burst, during the bench press throws. A 
mechanistic component (i.e., electromyography: EMG) was not incorporated into the 
research to support their conclusions.  
Research reporting performance enhancement as a result of antagonist loading is 
contradicted by research that has failed to observe augmentation in a performance 
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measure preceded by antagonist loading. Maynard and Ebben (2003) found a decrease in 
isokinetic knee flexion and extension performance measures (peak torque, rate to peak 
torque and peak power) following pre-loading of the antagonist musculature. They 
suggested observed increases in EMG activity (co-contraction) of the antagonist 
musculature may have been responsible for the attenuation in performance measures. It is 
unclear if there is a differential response in the upper body as compared to the lower 
body. It may be that the level of co-activation is greater in the knee flexors and extensors 
as compared to that seen in the chest and back muscle groups. A greater level of co-
activation in the antagonist musculature may manifest itself as fatigue and affect that 
muscle group adversely when acting as an agonist.  
Unlike the two studies discussed above, which were primarily interested in the 
augmentation of the agonist musculature when preceded by antagonist loading, a study 
combining two heavy resistance training exercises examined complex sets in the context 
of efficiency (Robbins, Young, Behm, Payne & Klimstra, in press). Specifically, the 
investigators examined the effects on volume load in the bench pull and bench press 
exercises, over three sets of complex compared to a traditional set training protocol. They 
observed that the maintenance of volume load was similar under complex set as 
compared to traditional set training and was achieved in approximately half the time. 
Complex sets were determined to be approximately twice as efficient (output/input, 
where input is time) as traditional sets. EMG data were not different under the two 
conditions, indicating neuromuscular fatigue was no greater in complex as compared to 
traditional set training.  
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It would seem that in the absence of performance enhancement, or even 
performance attenuation (depending on the degree of attenuation), complex set training 
may be deemed as time-efficient. Resistance-training schemes that do not compromise 
efficacy, or increase efficiency, could be advantageous to not only athletes, but also the 
general population in terms of improved health and a decrease in the risk of chronic 
disease and disability (Warburton, Nicol & Bredin, 2006). 
Peer-reviewed research into the acute effects of complex set training is limited 
and research into the chronic effects does not exist. Some evidence exists suggesting 
complex sets may be an efficient training scheme. Therefore, the purpose of this study 
was to investigate the efficacy and efficiency of agonist/antagonist complex sets over the 
course of an eight-week training period. 
Methods 
Design 
A randomized, counterbalanced two-group (traditional and complex) pre- and post-
testing design was used to investigate the effects on strength (1-repetition maximum 
bench pull and bench press) and power (throw height, peak velocity and peak power) of 
eight weeks of complex set versus traditional set training. Under the traditional set 
condition, pulling were completed prior to the performance of pushing exercise sets as 
compared to the complex set condition in which pulling were alternated with pushing 
exercise sets. 
Participants 
Sixteen trained males with at least one year‟s strength training experience with pushing 
and pulling exercises volunteered to participate in the study. However, due to non-
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compliance, one participant was removed from the study. All participants had experience 
with complex set-type training. Participants were randomly assigned to either the 
complex set training group (n = 8) or the traditional set training group (n = 7). The 
participants‟ descriptive data are displayed in Table 1. The study was approved by the 
University Human Research Ethics Committee. All participants were briefed on the 
testing protocols, the equipment and the nature of the study prior to signing an informed 
consent form.  
 
Table 1.   Description of subjects 
________________________________________________________________________ 
  Age (y)              Height (cm)          Mass (kg)         Strength training 
                   experience (years) 
________________________________________________________________________ 
 CS      TS            CS      TS             CS      TS              CS      TS 
________________________________________________________________________ 
Mean 25.9   22.4          177.8   191.7          84.8   89.9             3.6   4.3 
SD  5.1     4.9          4.7        6.3            20.4    8.0              1.7   2.4 
________________________________________________________________________ 
 
 
Methodology and Procedures 
Depending on the training session, loads ranging between 3- and 6-repetition maximum 
were prescribed for sets of bench pull and bench press in both protocols and were 
performed to failure, which was considered to have been reached when another repetition 
using proper technique could not be performed (Wathen, 1994). High-intensity loads 
(e.g., 3-repetition maximum to 6-repetition maximum) have been recommended with 
respect to strength development (Berger, 1962; Weiss, Coney & Clark, 1999). Depending 
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on the training session, 1 to 4 sets, of 3 to 6 throws, at 40% of bench press 1-repetition 
maximum, were prescribed for bench press throw in both protocols. It has been suggested 
that over the course of a training cycle lighter loads (e.g., 40% of 1-repetition maximum) 
would likely lead to greater enhancement of power than heavier loads (i.e., > 60%) 
(Cronin & Crewther, 2004). It has been recommended that when using loads designed to 
achieve maximum power output, lower repetitions (e.g., 3-6) be utilized (Baker, Nance & 
Moore, 2001). In both protocols, a 4-min rest interval was instituted between like 
exercise sets. Both the complex set and traditional set programs used a combination of 
bench press/bench press throw and bench pull. That is, bench pull was always alternated 
with either bench press (strength emphasis) or bench press throw (power emphasis). 
Participants in both the complex set and traditional set groups were required to perform 
two training sessions per week, separated by a minimum of 48 hrs. The total time 
required to complete the training sessions, and the order in which the exercises were 
performed, differed between the two protocols. The traditional set protocol involved 
performing sets of bench pull followed by sets of bench press/bench press throw, with a 
4-min rest interval between all sets (Figure 1). The complex set protocol performed the 
same exercises but in an alternating manner (Figure 1). The rest interval between like-
exercise sets was similar to that used in the traditional set protocol (4-min) and the rest 
interval between unlike exercise sets was 2 min. The second exercise (bench press/bench 
press throw) was performed in such a manner that the midpoint of the execution of the 
second exercise set was two min after the beginning of the execution of the first exercise 
set. Rest intervals of 2-5 minutes between resistance training sets have been 
recommended when training for strength and power (American College of Sports 
    83
 
Medicine; Baechle, Earle & Wathen, 2000). The complex set training sessions took 
approximately half the time required to complete the traditional set training sessions.  
 
 
 
 
 
 
 
 
 
 
Figure 1. Time lines for traditional (TS) and complex (CS) training sessions. A = pulling 
exercise and B = pushing exercise. 
 
In order to assist in the explanation of any observed differences in 1-repetition 
maximum (bench pull and bench press), throw height, peak velocity and peak power, 
EMG responses of four muscles (pectoralis major, anterior deltoid, latissimus dorsi and 
trapezius) were monitored during pre- and post-training program test sessions. 
Specifically, mean amplitude of the root mean square and the median frequency were 
collected.  Participants were requested to refrain from any additional upper body 
resistance training during the 8-week period.  
Training Programs 
 
 
 
TS time line:        4 min    4 min    4 min    4 min    4 min   
                A-----------------A----------------A---------------B----------------B----------------B… 
 
 
 
 
CS time line:       4 min    4 min   2 min     
A----------------B----------------A----------------B----------------A---------------B… 
            4 min   
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A combination of bench press and bench press throw was paired with bench pull such 
that there was a strength phase of four weeks in which the emphasis was on bench press 
(Table 2), followed by a power phase in which the emphasis was on bench press throw 
(Table 3). Bench pull was used to exercise the back musculature over the 8 weeks and, as 
such, strength was the primary focus. In order to enhance compliance, lower-body 
programs for days on which the upper body was not trained were provided, but were not 
compulsory. All participants indicated they completed the lower body programs. 
However, the lower body sessions were not supervised.  The 1-repetition maximums 
determined in the pre-testing sessions were used to calculate the prescribed repetition 
maximum loads during the 8-week training program. All upper-body training sessions 
were supervised throughout the 8-week training period, and volume (repetitions) and 
intensity (load) were recorded for each training set and session. The loads prescribed 
were adjusted in order to ensure progressive overload of the targeted muscle groups. That 
is, the loads were re-evaluated at the end of each week and adjusted accordingly in an 
attempt to ensure true repetition maximum loading, as prescribed. 
 
Table 2. Weeks 1-4 of training program with emphasis on back and chest strength. RM = 
repetition maximum. 
________________________________________________________________________ 
Workout: Phase 1         Emphasis: Back and chest strength 
________________________________________________________________________ 
Exercise     Week 1  Week 2        Week 3     Week 4 
                   Sets Reps Load Rest*   Sets Reps Load Rest*   Sets Reps Load Rest*   Sets Reps Load Rest* 
 
Bench pull       4      6     6RM  240s     5      5     5RM  240s      6      4    4RM  240s       6      3    3RM  240s 
 
Bench press     3      6     6RM  240s     4      5     5RM  240s      4      4    4RM  240s       4      3    3RM  240s 
 
Bench press     1      6     40%   240s     1      5     40%   240s      2      4     40%   240s      2      3     40%  240s 
throw            1-RM                            1-RM                             1-RM                              1-RM 
______________________________________________________________________________ 
 
* Rest between like sets 
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Table 3. Weeks 5-8 of training program with emphasis on back strength and chest power. 
RM = repetition maximum. 
________________________________________________________________________ 
Workout: Phase 2                   Emphasis: Back strength and chest power  
________________________________________________________________________ 
Exercise     Week 5  Week 6        Week 7     Week 8 
                   Sets Reps Load Rest*   Sets Reps Load Rest*   Sets Reps Load Rest*   Sets Reps Load Rest* 
 
Bench pull       4      6     6RM  240s     5      5     5RM  240s      6      4    4RM  240s       6      3    3RM  240s 
 
Bench press     1      6     6RM  240s     1      5     5RM  240s      2      4    4RM  240s       2      3    3RM  240s 
 
Bench press     3      6     40%   240s     4      5     40%   240s      4      4     40%   240s      4      3     40%  240s 
throw            1-RM                            1-RM                             1-RM                              1-RM 
______________________________________________________________________________ 
 
* Rest between like sets 
 
Testing  Procedures 
Prior to the commencement of the pre-program testing sessions, a reliability study 
involving 10 of the participants who later participated in the study determined the test-
retest (separated by one week) intraclass correlation coefficients (ICC) and percent total 
error (%TE).  
Participants underwent a familiarization session to be instructed on exercise 
technique. Testing was performed on two separate days (minimum 48 hrs), pre- and post-
training program. 1-repetition maximum bench press was determined on the first day, and 
throw height, peak velocity, peak power and 1-repetition maximum bench pull were 
determined on the second day. Testing of throw height, peak velocity and peak power 
was conducted prior to 1-repetition maximum bench pull testing. Bench press throw was 
considered to be a non-fatiguing exercise and, as such, to have no implications for the 
subsequent 1-repetition maximum bench pull testing. In order to assess strength, bench 
pull and bench press 1-repetition maximum were determined using the following 
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procedure. Participants performed a set of 5-10 repetitions using 40-60% of expected 
maximum, followed 1 min later by a set of 3-5 repetitions using 60-80% of expected 
maximum. After a 2-min rest interval, 1-repetition maximum attempts were made with 2-
min rest intervals between attempts. If an attempt was successful using correct technique, 
further attempts were made using increasing increments of weight. The last successful 
attempt was recorded as the participant‟s 1-repetition maximum in that lift. This 
procedure was adopted from Stone and O‟Bryant (1987) with one change: rather than 1-
min rest intervals between attempts, 2-min rest intervals were used in order to ensure 
recovery between attempts. To assess power, throw height, peak velocity and peak power 
were calculated over the concentric portion for each of four throws in a set of bench press 
throw. The totals of the four peak values for each of throw height, peak velocity and peak 
power were calculated. Participants used 40% of the predetermined (i.e., in the 
familiarization session) bench press 1-repetition maximum as the load in both pre- and 
post-training program test sessions. As a load of 40% of 1-repetition maximum was used 
to develop power over the eight weeks, a similar load was used for testing. Prior to bench 
press throw testing, three sets of bench press throw using 40% of 1-repetition maximum 
at a self-determined 50, 75 and 100% of maximal effort were completed with a 4-min rest 
interval between sets. 
The bench pull tests were performed on an adjustable high bench (Apex B45 
adjustable flat bench), positioned on Step1005 platforms. Participants were instructed to 
lie prone on the bench and grasp an Olympic bar placed on the floor, with a pronated 
grip. The bench was adjusted so that the participant‟s arms were straight in this position. 
A repetition was deemed to have been completed by moving the bar from the floor until it 
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touched the bottom of the bench. Participants were instructed to keep their head, upper 
body and legs flat to the bench. When performing the bench press, participants lay supine 
on a flat bench with feet flat on floor and head, shoulders and buttocks flat to the bench. 
A repetition was deemed to have been completed when the bar was moved from the chest 
to a position of full elbow extension. When performing bench press throw, participants 
lay supine on a flat bench, in a Smith Machine which allowed the bar to move only in the 
vertical plane. The participants‟ feet were flat on the floor, and head, shoulders and 
buttocks flat to the bench. The starting position of the bar was touching the chest at the 
nipples. Participants were instructed to attempt to throw the bar in the vertical plane as 
high as possible, releasing the bar at elbow extension. Hand placement and tempo were 
self-determined for all exercises. An attempt was made to hold testing at the same time, 
on the same day of the week, pre- and post-program. All participants were asked to 
refrain from any upper-body training in the 48 hours prior to the testing sessions. Post-
program testing was completed 5-10 days after the final training session.  
Instrumentation 
Ballistic Measurement System. Throw height (cm), peak velocity (m/s) and peak power 
(W) were calculated using a position transducer (PT5A linear position transducer, Fitness 
Technology Adelaide, Australia). The system comprises a cable-extension potentiometer 
(distance transducer), USB data collection interface, and custom software (Ballistic 
Measurement System, Fitness Technology, Australia) to accurately measure vertical 
movement. The Ballistic Measuring System was secured to the barbell in the Smith 
machine. The barbell is limited to movement in the vertical plane. The Ballistic 
    88
 
Measurement System software calculated throw height, peak velocity and peak power of 
each bench press throw. 
Electromyography. EMG data were collected using surface electrodes (Delsys DE-2.1 
sensors), with an inter-electrode distance of 1 cm using an active differential preamplifier 
configuration (Delsys DE 2.1, Boston, MA). These electrodes were connected to an 
analog-to-digital converter (Bagnoli Myomonitor III wireless system, Delsys Inc., 
Boston, MA) and acquired with the assistance of proprietary software (EMGworks 
Acquisition 3.5, Delsys Inc., Boston, MA). EMG signals were amplified by 1000 with a 
frequency band-pass of 20-450 Hz (common mode rejection ratio of 92 dB) and recorded 
at 1000 Hz (Bagnoli  Myomonitor III wireless system, Delsys Inc., Boston, MA). The 
mean amplitude of the root mean square and the median frequency analysis was 
performed using custom software (National Instruments LabVIEW 8). The averaging 
window for the root mean square was 100 ms and all reported values were the mean root 
mean square over a predetermined sampling window from the onset to the end of each 
contraction. Median frequency was calculated by finding the frequency that halved the 
integrated power spectrum of the EMG signal over a predetermined sampling window 
from the onset to the end of each contraction. Data was collected throughout the entire 
repetition (bench pull and bench press) or set (bench press throw). Bench pull and bench 
press 1-repetition EMG data were converted to ratios, with the latissimus dorsi signal 
being the denominator for the bench pull and the numerator for the bench press ratios. 
These ratios were compared pre- and post-program. Bench press throw EMG data 
collected from the first contraction were compared to EMG data from the final 
contraction, and compared pre-and post-program.  
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The EMG signal was acquired from pectoralis major, anterior deltoid, latissimus 
dorsi and trapezius muscles located on the right side of each participant, using surface 
electrodes with an inter-electrode distance of 1 cm. The pectoralis major electrode was 
placed midpoint between the acromion process and the xiphoid process. The anterior 
deltoid electrode was placed on the midbelly, 3-4 cm beneath the anterior margin of the 
acromion process. The latissimus dorsi electrode was placed laterally to the inferior angle 
of the scapula. The trapezius electrode was placed midway between the scapula spine and 
spinous process at the same level. A ground electrode (Flexible 1-cm disposable Ag-
AgCl surface EMG electrodes, Thought Technologies Ltd, Montreal, PQ, CAN) was 
placed on the right elbow. Prior to electrode placement, the area of skin was thoroughly 
prepared with abrasive paper and isopropyl alcohol swabs to improve conductivity of the 
EMG signal.  
Statistical Analyses 
1-repetition maximum bench pull and bench press and set totals for throw height, peak 
velocity and peak power were calculated pre- and post-program and analyzed using a 
two-way analysis of variance (ANOVA) (2x2), with repeated-measures and paired t-tests 
to determine whether there were significant main effects or interactions for the type of 
training (traditional and complex set) and time (pre and post). A two-way ANOVA (2x5) 
was used to determine whether there were significant main effects or interactions for the 
type of training (traditional and complex set) and relative change in performance measure 
(bench pull, bench press, throw height, peak velocity and peak power). Analysis of the 
data to determine if any significant differences existed within or between the two training 
protocols was performed to investigate the influence of complex sets on the development 
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of strength and power. Due to the relatively small sample sizes, effect size calculations 
were conducted and Cohen (1988) effect size thresholds were implemented. Specifically, 
effect size thresholds of 0.2 - 0.5, 0.5 - 0.8 and greater than 0.8 were considered small, 
medium and large, respectively. Effect sizes of less than 0.2 are considered insubstantial. 
Efficiency (effect/time) calculations were also conducted and subjected to effect size 
calculations. EMG data (root mean square and median frequency) were gathered during 
1-repetition maximum bench pull and bench press testing and for the first and fourth 
repetition of bench press throw testing, pre- and post program. Bench pull and bench 
press EMG data were analyzed using a two-way ANOVA (2x2) (groups; pre/post), 
whereas bench press throw EMG data were analyzed using a three-way ANOVA (2x2x3) 
(groups; pre/post; rep1 and rep 4), in order to determine whether there were significant 
main or interaction effects among the factors. Statistical significance was adjusted using 
the Bonferroni technique for all tests and set at p ≤ 0.01 and p ≤ 0.003 for the 
performance measures and EMG activity, respectively. Statistical tests were completed 
using SPSS version 15. 
Results 
The reliability study determined ICC and (%TE) for 1-repetition maximum bench pull, 1-
repetition maximum bench press, throw height, peak velocity and peak power were 0.94 
(3.2%), 0.89 (2.3%), 0.93 (3.7%), 0.99 (1.2%) and 0.99 (1.1%),  respectively. Paired 
sample t-tests revealed no significant (p < 0.001) differences between the two testing 
occasions for any of the dependent variables. The test-retest ICC of the EMG measures 
for the four monitored muscles ranged between 0.83 and 0.96. 
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There were no statistically significant differences in 1-repetition maximum bench 
pull and bench press, or bench press throw height, peak velocity and peak power between 
the two conditions (Table 4). There was a main effect for time whereby bench pull and  
 
Table 4. Changes in bench pull (Bpull) and press (Bpress) one-repetition maximum (1-
RM), and bench press throw (BPT), throw height (TH), peak velocity (PV) and  peak 
power (PP) over an 8-week training period in complex (CS) (N = 8) and traditional set 
(TS) (N = 7) protocols. Mean (SD). 
__________________________________________________________________________________________ 
             CS                                                                     TS 
__________________________________________________________________________________________ 
Variable     pre       post       gain         % Δ          ES       pre          post       gain         % Δ     
ES  
__________________________________________________________________________________________ 
 
Bpull  1-RM 
(kg) 
92.14 
 (±14.13) 
96.67 
(±15.90) 
4.54* 
(±2.97) 
2.19 
(±1.13) 
0.45 
 
(small) 
95.90 
(±14.09) 
98.49 
 (±15.87) 
2.59 
(±3.80) 
1.18 
 
(±1.69) 
0.26 
 
(small) 
Bpress 1-RM 
(kg) 
100.92 
(±27.75) 
106.03 
 (±27.64) 
5.10* 
(±3.37) 
2.44 
(±1.82) 
0.26 
 
(small) 
94.61 
 (±20.48) 
99.14 
(±20.40) 
4.54  
(±3.46) 
2.30 
 
(±1.93) 
 
0.31 
 
(small) 
BPT TH (cm) 
total 4 throws 
97.13 
(±18.53) 
99.85 
 (±10.29) 
2.73 
(±15.32) 
5.00  
(±16.52) 
 
0.21 
 
(small) 
86.77 
(±17.57) 
95.41 
 (±17.51) 
8.64  
(±8.78) 
10.84  
 
(±10.71) 
 
0.70 
 
(medium) 
BPT PV (m/s) 
 total 4 throws 
6.84 
(±0.52) 
7.11 
 (±0.37) 
0.27 
(±0.41) 
4.20 
(±6.33) 
 
0.73 
 
(medium) 
7.03 
 (±0.51) 
7.24 
 (±0.59) 
0.21  
(±0.30) 
3.00  
 
(±3.98) 
 
0.58 
 
(medium) 
BPT PP (W) 
 total 4 throws 
3002.20 
(±898.15) 
3232.01 
 (±716.38) 
229.81 
(±226.91) 
9.66 
(±9.18) 
0.36 
 
(small) 
3047.04 
 (±551.71) 
3321.06 
(±527.47) 
274.01* 
(±152.16) 
9.40  
 
(±5.39) 
0.70 
 
(medium) 
___________________________________________________________________________________________ 
*Significant difference between pre and post values (P < 0.01). 
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Table 5. Bench pull (Bpull) and bench press (Bpress) one-repetition maximum (1-RM) 
and bench press throw (BPT), throw height (TH), peak velocity (PV) and peak power 
(PP) efficiency calculations (effect/time) for an 8-week training period of complex set 
(CS) (N = 8) and traditional set (TS) (N = 7) protocols.  
__________________________________________________________________________________________ 
                                                         CS                                                             TS                                            ES 
__________________________________________________________________________________________ 
Variable       Absolute    Time*         Efficiency         Absolute       Time*      Efficiency              
    Training   (hours)                                   Training      (hours) 
      Gains                              Gains  
__________________________________________________________________________________________ 
 
Bpull 1-RM (kg) 4.54 
(±2.97) 
4.53  1.00 (kg/hour) 
(±0.66) 
2.59 
(±3.80) 
10.13  0.26 (kg/hour) 
(±0.38) 
1.37 
(large) 
 
 
 
Bpress 1-RM (kg) 5.10 
(±3.37) 
4.53 1.13 (kg/hour) 
(±0.74) 
4.54  
(±3.46) 
10.13 0.45 (kg/hour) 
(±0.34) 
1.18 
(large) 
BPT TH (cm) 2.73 
(±15.32) 
4.53 0.60 (cm/hour) 
(±0.38) 
8.64  
(±8.78) 
10.13  0.85 (cm/hour) 
(±0.87) 
0.37 
(small) 
BPT PV (m/s) 0.27 
(±0.41) 
4.53  0.06 (m/s/hour) 
(±0.09) 
0.21  
(±0.30) 
10.13 0.02 (m/s/hour) 
(±0.03) 
0.60 
(medium) 
BPT PP (W) 229.81 
(±226.91) 
4.53  50.73 (W/hour) 
(±50.09) 
274.01 
(±152.16) 
10.13 27.05 (W/hour) 
(±15.02) 
0.64 
(medium) 
__________________________________________________________________________________________ 
 
* The final set of each training session was initiated at either 4 min. after initiation of the 
previous set (TS) or such that the midpoint of the execution of the final exercise set was 
two minutes after the beginning of the execution of the previous exercise set (CS). 
Therefore the total time to complete the sessions varied slightly (e.g., if 12 sec were 
required to complete the final set in week 1 of the TS protocol, total time to complete the 
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session would be 28.2 min). The time taken to complete the final set was not included in 
the calculation. 
bench press 1-repetition maximum increased significantly under the complex set 
condition, and peak power increased significantly under the traditional set condition. 
Under the traditional set condition medium effect sizes were found for all three (throw 
height, peak velocity and peak power) power measures. Medium to large effect size 
statistics suggested complex was more time-efficient, as compared to traditional set 
training, with respect to the development of 1-repetition maximum bench pull and bench 
press, peak velocity and peak power. Efficiency calculations and effect sizes are shown in 
Table 5. There were no EMG activity main effects or interactions. 
Discussion 
Complex training involving various combinations of heavy resistance and ballistic 
exercises targeting agonist/antagonist muscle groups has been prescribed as a means of 
developing strength and power. Evidence as to the effectiveness of agonist/antagonist 
complex training as a means of developing strength and power has not been identified. In 
the present study, changes in 1-repetition maximum bench pull and bench press, throw 
height, peak velocity and peak power were not significantly different between the 
complex and traditional set conditions. However, the strength measures (1-repetition 
maximum bench pull and bench press) increased significantly under the complex set 
condition and peak power increased significantly under the traditional set condition. 
Complex set training appeared to be more time-efficient (training effect/time) with 
respect to the development of 1-repetition maximum bench pull and bench press, peak 
velocity and peak power. These findings support the hypothesis that complex set training 
is an efficacious method of developing strength and is an efficient training modality. 
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EMG activity was similar for both groups and was not affected over the course of the 
program under either condition.  
In response to either training protocol, EMG signal did not differ between pre- 
and post-training. This is consistent with a number of other investigations examining 
responses in EMG amplitude to training (Cannon & Cafarelli, 1987; Garfinkel & 
Cafarelli, 1992; McCarthy, Pozniak, Myron & Agre, 2002; Narici, Hoppeler, Kayser, et 
al., 1996; Thorstensson, Karlsson, Viitasalo, Luhtanen, & Komi, 1976; Weir, Housh & 
Weir, 1994). Acute changes (rep 1 to rep 4) in EMG signal were not observed during 
bench press throw testing pre- or post-training, which is perhaps not surprising, as the 
testing design in the present study (one set of four throws) was intended to be non-
fatiguing in order to allow participants to maximize power output in all four throws.  
The EMG signal was not monitored during training sessions under either 
condition. It is therefore difficult to comment on the level of fatigue resulting from 
complex as compared to traditional set training sessions. However, it is possible that the 
greater training density (training/time) under complex as compared to traditional set 
training may have been more fatiguing. Although, in an acute setting, Robbins et al. (in 
press) observed no greater deficits in neuromuscular fatigue under a complex, as 
compared to a traditional set protocol, it is important to note that these researchers 
examined complex set training over three sets only, whereas in the present study 
participants performed training sessions involving four to six sets. It is likely that training 
sessions of four to six sets are more fatiguing than sessions of three sets and perhaps 
explains why fatigue may have been a factor in the current study.  In the event the 
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complex set sessions were more fatiguing this would not necessarily have been reflected 
in changes in EMG amplitude pre- to post-program. 
The changes observed in both strength measures (1-repetition maximum bench 
pull and bench press) were significantly greater, pre- to post-program, under the complex 
set condition. The increases in the power measures were not statistically significant under 
the complex set condition. It is possible that complex set training is better suited to 
strength, as compared to power training. It has been suggested that fatigue may act as a 
stimulus which leads to increases in strength (Rooney, Herbert & Balnave, 1994). These 
researchers suggested that training protocols which produce fatigue result in greater 
motor unit activation than non-fatiguing protocols, and that the level of motor unit 
activation determines the size of the training response. The same researchers alternatively 
suggested that fatigue might provide a more appropriate setting in which to encourage 
activation of synergist and antagonist muscles and thereby increase the training response. 
Another possible explanation provided by these researchers was that some relationship 
might exist between events related to fatigue and events that trigger muscle adaptation. 
Although the mechanism(s) is unclear, the greater training density performed under the 
complex set protocol in the present study, as a result of less total rest throughout the 
training sessions, conceivably resulted in greater fatigue and may have acted as a 
stimulus. It is possible that over a longer training cycle the non-significant differences in 
strength outcomes observed under the complex, as compared to the traditional set 
condition, may continue to grow and become significant.  
Due to the nature of power activities, which require maximal rates of force 
development, full neuromuscular recovery has been recommended (American College of 
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Sports Medicine, 2002). It has been suggested that longer rest intervals allow for acute 
maintenance of power which may translate into greater chronic adaptation (Pincivero, 
Gear, Moyna & Robertson, 1999). It is generally accepted that fatigue is not a stimulus 
with respect to power development which may explain why the only significant increase 
in a power measure (i.e., peak power) was under the arguably less fatiguing traditional set 
condition. Furthermore, medium effect sizes were observed in all three power measures, 
as compared to small effect sizes in both strength measures, under the traditional set 
condition. It is possible that traditional set training is better suited to power as compared 
to strength training.  
Although the finding in the present study that antagonist preloading (complex 
sets) over eight weeks did not have a positive effect on bench press throw performance 
would seem to conflict with the observation by Baker and Newton (2005) that antagonist 
preloading resulted in a potentiation of power output in bench press throw, this is perhaps 
explained by the nature of preloading stimulus. It is possible that the very different 
antagonist preloading (ballistic bench pulls) incorporated by Baker and Newton (2005) 
was not only non-fatiguing but was performed in such a manner (i.e., explosively) so as 
to have some physiological effect (i.e., alteration of the triphasic pattern) resulting in 
agonist power output potentiation. The findings of the current study, and the suggestion 
that traditional set training may be better suited to power as compared to strength 
training, is limited to traditional set-type modalities involving antagonist preloading with 
heavy resistance exercises.  
Although not statistically significant, increases were observed in all dependent 
variables. It is possible that the relatively low prescribed training volume (i.e., 18-25 
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repetitions per muscle group, per session) and frequency (two sessions / week) did not 
provide a great enough stimulus over the 8-week period to produce significant results in 
all measures, under both conditions, in the relatively highly trained participants (i.e., 
minimum 1- and generally several-years experience). It is possible that longer (i.e., more 
repetitions) or more frequent (i.e., more than two times per week) training sessions over 
the course of the eight weeks would result in those gains which were not statistically 
significant becoming statistically significant. It is also likely that the relatively small 
sample sizes may have hindered the attainment of statistical significance. 
With the exception of throw height, medium to large effect sizes suggest complex 
set training was more time-efficient with respect to the development of the performance 
measures. Training modalities able to save time without compromising efficacy are 
beneficial to athletes and the general population. Athletes may be able to spend more 
time on technical aspects of their sport and thereby better prepare for competition. 
Reduction in time commitments may entice greater numbers of the general population to 
exercise and realize health benefits. It is possible that complex set training could help 
produce a healthier population. However, prior to prescribing such modalities to the 
general population other physiological responses (e.g., blood pressure) to this type of 
training should be investigated.  
Conclusions 
Although the present study found similar changes in all performance measures 
under both the complex and traditional set conditions, the findings would seem to suggest 
that complex set training may be more efficacious with respect to strength as compared to 
power development, whereas traditional set training may be more efficacious with respect 
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to power as compared to strength development. With the exception of throw height, 
complex set training was more time-efficient with respect to the development of the 
performance measures. It would seem that complex set training is an efficacious means of 
developing strength and an efficient method of training both strength and power. 
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Abstract 
Paired set (PS) training refers to the coupling of agonist and antagonist exercises, 
performed coincidentally. Dissimilar exercises are performed in an alternating manner 
with rest intervals between each set. Under designations such as “complex training” or 
“super sets”, PS has been prescribed by practitioners as a means of developing strength 
and power. Although somewhat equivocal, evidence exists supporting the use of PS as a 
means of enhancing short-term power measures. Limited evidence also exists suggesting 
PS is an efficacious and efficient means of developing strength and power. Time-efficient 
methods of developing strength and power could have benefits for athletes and the 
general population. Athletes able to spend more time on different (i.e., other than strength 
and power development) aspects of athletic development, such as skill improvement, may 
be able to attain higher levels of athletic performance. The general population may be 
more willing to adhere to less time-consuming resistance training programs that offer 
similar results, as compared to more time-consuming programs. A greater number of 
individuals involved in resistance training programs would have positive effects on 
overall population health. The determination of methods to best manipulate and exploit 
PS requires further investigation. Studies to date would seem to indicate that the practical 
applicability of PS in terms of acute performance enhancement is limited. However, the 
use of PS as an efficacious and time-effective method for developing strength and power 
deserves further attention. 
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Introduction 
A relatively large body of literature exists pertaining to complex training. Complex 
training involves the coupling of biomechanically similar exercises performed in an 
alternating manner and is based upon the premise of post-activation potentiation 
[1]
. Post-
activation potentiation refers to the phenomenon by which acute muscle force output is 
enhanced as a result of contractile history. Specifically, it has been suggested loading of 
the neuromuscular system elicits an “excited” or “sensitive” state in which performance 
is enhanced 
[2]
. A number of varying complex training schemes have been investigated 
[3,4,5]
 and regardless of muscle group investigated, type of contraction, loading scheme or 
time line between exercises, the investigations into complex training and post-activation 
potentiation have involved biomechanically similar exercises. Furthermore, to the best of 
the authors‟ knowledge, investigations into complex training and post-activation 
potentiation have focused solely on augmentation (or not) of power output (PO) in the 
second half of the complex pair, or on chronic power development in the musculature 
targeted in the second half on the complex pair. More recently, three investigations 
[6,7,8]
  
coupling biomechanically dissimilar exercises have, perhaps erroneously, referred to this 
scheme as a variation of complex training. A training modality coupling biomechanically 
dissimilar exercises, attempting to capitalize on different mechanisms (i.e., other than 
post-activation potentiation) with intentions other than solely enhancing acute or chronic 
PO, should perhaps not be referred to as complex training (Figure 1).  
A paired set (PS) refers to the coupling of exercises targeting muscle groups in an 
agonist/antagonist relationship, performed coincidentally in an alternating manner. For 
the purposes of this review, PS will involve combinations of heavy resistance and/or 
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Figure I. Differences between complex training and paired set training 
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ballistic exercises in an agonist/antagonist relationship.  
Scientific research has referred to PS-type training as complex 
[6,7,8]
, as 
proprioceptive neuromuscular facilitation technique 
[9]
, superset 
[10]
 and paired set 
training 
[11]
. Practitioners have commonly prescribed PS-type modalities under the 
designation of “super set”. The term “super set” has been used to describe varying 
protocols 
[12,13]
. Generally, the term would appear to be used to describe groups of 
exercises (i.e., usually two) performed successively targeting different muscle groups, but 
can be used to describe protocols grouping exercises targeting the same muscle group. 
Due to the somewhat unclear definition of “super set”, the term PS is perhaps preferable. 
PS training modalities have been suggested as a means to enhance acute PO 
[6,9]
 and as an 
efficacious and efficient means to develop strength and power 
[7,8]
.  
This review will briefly discuss the proposed benefits of PS training, the 
suggested mechanisms underlying PS and possible implications with respect to PS in 
terms of both acute performance enhancement and the chronic development of strength 
and power. Furthermore, a common terminology (i.e., paired set) will be proposed and 
the practical applicability of PS training will be critically discussed in order to raise 
interest in determining how best to exploit it. Finally, possible directions for future 
research will be provided. 
 
1. Proposed Benefits of Paired Sets 
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PS modalities have been suggested as a means to enhance PO in an acute setting, have 
been recommended as a means of developing strength and power, and have been 
suggested to be time-efficient with respect to strength and power development. 
 
1.1 Acute Enhancement of Power   
 
It has been suggested that the execution of ballistic contractions by the antagonist 
musculature prior to the performance of a ballistic activity can enhance PO of that 
activity 
[6]
. Specifically, augmentation in bench press throw PO when preceded by a set of 
ballistic bench pulls was reported. Results from that study are presented in Table I. Thus, 
PS could be exploited in a warm-up protocol to enhance subsequent performance. 
 
Table I. Power output (mean ± SD) with an intervention (Experimental) of a set of 
ballistic bench pulls between two trials and without (Control). (N = 24). 
_____________________________________________________________________        
              Power output (W) 
_____________________________________________________________________ 
Group   1
st
 trial                   2
nd
 trial                  
_____________________________________________________________________ 
Experimental     468                    490*   
(BPT + intervention)   (31)                    (38) 
 
Control     508     505 
(BPT)    (54)     (59) 
_____________________________________________________________________ 
Modified from Baker & Newton 
[6]
 
 
* significantly different from 1
st
 trial (p < 0.05). 
BPT = bench press throw.  
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However, to the best of the authors‟ knowledge, the use of ballistic contractions prior to 
competition in an attempt to enhance performance of an antagonistic activity has not been 
documented. This is not to say that the execution of high-velocity contractions prior to 
competition cannot work to enhance performance; but rather, that it would seem 
problematic to prescribe such a warm-up protocol prior to further research confirming the 
effectiveness of such a modality. 
 
1.2 Strength and Power Development 
 
It has been suggested that PS training is an effective means of developing strength 
[8]
.   
Furthermore, it was found that although the observed increases in the monitored power 
measures were not statistically significant under a PS condition, the increases were 
similar to those observed under a “traditional” condition, whereby one muscle group was 
targeted prior to the other (rather than coincidentally, as under the PS condition)
 [8]
. It is 
possible that PS training is an efficacious means of developing both strength and power. 
 
1.3 Efficiency 
 
Possibly the most intriguing exploitation of PS may be as a time-efficient method of 
developing strength and power. It has been hypothesized that in the event of similar, or 
even compromised (i.e., lesser), outcomes under PS as compared to other more time-
consuming modalities, PS may be considered a time-efficient training modality 
[7,8,11]
. 
Acute (output/time) and chronic (effect/time) efficiency calculations were performed in 
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all three studies and determined PS to have approximately double the efficiency as 
compared to a “traditional” condition, with respect to all but one of the performance 
measures in one of the studies. Furthermore, effect size statistics performed in all three 
studies and subjected to Cohen 
[14]
 thresholds supported the determination that PS 
enjoyed enhanced efficiency. 
 An investigation 
[7]
 into a PS coupling of bench pull and bench press throw 
performed over three sets compared the outcomes to a “traditional” protocol, and 
determined that although bench pull volume load (load x repetitions) decreased over the 
three sets, it did so to a similar extent under both conditions. Bench press throw 
performance was maintained over the three sets, and was similar under both conditions. 
Similar maintenance of throw height, peak velocity and peak power in the bench press 
throw exercise, volume load in the bench pull and similar electromyographic (EMG) 
signal under PS as compared to the “traditional” condition indicate similar stress was 
imposed on the musculature in approximately half the time, suggesting efficiency is 
enhanced under PS. Despite the inability to maintain bench pull volume load, bench press 
throw performance measures were maintained under the PS condition, suggesting that 
strength and power training can be undertaken coincidentally without compromising 
power output. It is conceivable that the maintenance of power measures over a longer 
training session is not possible. Efficiency calculations and effect sizes from that study 
are presented in Table II. 
In a subsequent study 
[11]
, examination of a PS coupling of two heavy resistance 
training exercises (bench pull and bench press) performed over three consecutive sets, 
reported that although volume load decreased from set 1 to set 2 and from set 2 to set 3,  
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Table II. Efficiency mean ± SD (output/time) and effect sizes for session bench pull and 
bench press throw during paired set and traditional set protocols. (N = 18). 
_______________________________________________________________________________
                   PS                            TS                                      ES 
_______________________________________________________________________________ 
                           Value       Time        Efficiency              Value    Time        Efficiency  
Variable                (min)              (min)    
_______________________________________________________________________________ 
 
Bpull VL* (kg)        1034.70          10             103.47 (kg/min)             1094.29         20             54.71 (kg/min)        1.59  
                              (± 394.53)               (±39.45)                         (±366.48)               (±18.32)                  (large) 
BPT TH (cm)           262.48           10             26.25 (cm/min)               260.49          20             13.02 (cm/min)       4.03 
                               (±43.00)                (±4.30)                           (±34.89)                (±1.74)                   (large) 
BPT PV (m/s)          19.84             10              1.98 (m/s/min)                19.75            20             0.99 (m/s/min)        8.19 
                               (±1.57)                (±0.16)                            (±1.16)                (±0.06)                   (large) 
BPT PP (W)          8903.92            10            890.39 (W/min)             9185.61          20             459.28 (W/min)      2.61 
                            (±2113.07)              (±211.31)                       (±2004.52)               (±100.23)                (large)    
_______________________________________________________________________________ 
Modified from Robbins, Young, Behm & Payne 
[7]
 
 
* Volume load (VL) = load x repetitions  
PS = paired set; TS = traditional set; ES = effect sizes; Bpull = bench pull; VL = volume 
load; BPT = bench press throw; TH = throw height; PV = peak velocity; PP = peak 
power.  
 
there were no differences in volume load over the three sets, or over the sessions, in PS as 
compared to a “traditional” condition. Although there was a significant within-set EMG 
activity response in the bench press exercise, EMG activity was not different under the 
two conditions, suggesting that the level of neuromuscular fatigue did not differ under PS 
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as compared to the “traditional” condition. However, this study only examined PS 
performed over three sets. In the event volume load is compromised (i.e., significantly 
less under PS as compared to TS) over a longer training session, it is possible, depending 
on the level of compromise, that PS could continue to be deemed efficient (output/time) 
as compared to “traditional” conditions. Efficiency calculations and effect sizes from that 
study are presented in Table III. 
 
Table III. Efficiency mean ± SD (output/time) and effect sizes for session bench pull and 
bench press during paired set and traditional set protocols. (N = 16). 
________________________________________________________________________ 
Variable             PS         TS                               ES 
________________________________________________________________________ 
 
      VL* (kg)   Time     Efficiency   VL (kg)      Time       Efficiency 
              (min)      (kg/min)          (min)  (kg/min) 
________________________________________________________________________ 
 
Bpull         1060.56         10          106.06        1105.49        20             55.27              1.39 
                 (±467.34)                    (±46.73)     (±448.38)                     (±22.42)         (large) 
Bpress       1039.58         10          103.96         1107.47       20             55.37              1.17 
                 (±485.16)                    (±48.52)     (±660.25)                     (±33.01)         (large) 
 
________________________________________________________________________ 
Modified from Robbins, Young, Behm, Payne & Klimstra 
[11]
 
 
* Volume load (VL) = load x repetitions  
PS = paired set; TS = traditional set; ES = effect sizes; VL = volume load; Bpull = bench 
pull; Bpress = bench press  
 
    116
 
 Over the course of an 8-week training period, PS training was reported to result in 
similar increases in five performance measures (1-repetition maximum (RM) bench pull 
and bench press, throw height, peak velocity and peak power) as compared to a 
“traditional” protocol [8]. Under the PS condition 1-RM bench pull and bench press 
increases were statistically significant, whereas the increases observed in the monitored 
power measures were not, leading the researchers to hypothesize PS modalities may be 
better suited to strength as compared to power development. The PS training sessions 
were completed in approximately half the time required to complete the “traditional” 
sessions. As the increases in performance measures were similar under both conditions, 
the reduced time necessary to complete the PS sessions suggested that PS training is 
time-efficient with respect to the development of 1-RM bench pull and bench press, peak 
velocity and peak power. Efficiency calculations and effect sizes from that study are 
presented in Table IV. 
 
2. Proposed Mechanisms    
 
The mechanisms underlying PS training are not well investigated and are unclear. In 
order to more completely exploit PS training, it is necessary to better understand the 
underlying mechanisms. The mechanisms are likely linked to contractile history, and 
specifically, coactivation and fatigue 
[6,7,8,11]
. The contractile response of skeletal muscle 
is partially determined by its contractile history 
[15]
. With respect to PS training, the 
contractile history of both the agonist and antagonist musculature must be considered.  
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Table IV. Efficiency mean ± SD (effect/time) and effect sizes for an 8-week training 
period of paired set (PS) (N = 8) and traditional set (TS) (N = 7) protocols.  
__________________________________________________________________________________________ 
                                                         PS                                                             TS                                            ES 
__________________________________________________________________________________________ 
Variable       Absolute    Time          Efficiency         Absolute       Time       Efficiency              
    Training   (hours)                                  Training      (hours) 
      Gains                              Gains  
__________________________________________________________________________________________ 
 
Bpull 1-RM (kg) 4.54 
(±2.97) 
4.53  1.00 (kg/hr) 
(±0.66) 
2.59 
(±3.80) 
10.13  0.26 (kg/hr) 
(±0.38) 
1.37 
(large) 
Bpress 1-RM (kg) 5.10 
(±3.37) 
4.53 1.13 (kg/hr) 
(±0.74) 
4.54  
(±3.46) 
10.13 0.45 (kg/hr) 
(±0.34) 
1.18 
(large) 
BPT TH (cm) 2.73 
(±15.32) 
4.53 0.60 (cm/hr) 
(±0.38) 
8.64  
(±8.78) 
10.13  0.85 (cm/hr) 
(±0.87) 
0.37 
(small) 
BPT PV (m/s) 0.27 
(±0.41) 
4.53  0.06 (m/s/hr) 
(±0.09) 
0.21  
(±0.30) 
10.13 0.02 (m/s/hr) 
(±0.03) 
0.60 
(medium) 
BPT PP (W) 229.81 
(±226.91) 
4.53  50.73 (W/hr) 
(±50.09) 
274.01 
(±152.16) 
10.13 27.05 (W/hr) 
(±15.02) 
0.64 
(medium) 
__________________________________________________________________________________________
Modified from Robbins, Young, Behm & Payne 
[8]
 
 
 
PS = paired set; TS = traditional set; ES = effect sizes; Bpull = bench pull; 1-RM = one-
repetition maximum volume load; Bpress = bench press; BPT = bench press throw; TH 
= throw height; PV = peak velocity; PP = peak power.  
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2.1 Coactivation 
 
Coactivation refers to the concurrent activation of agonist and antagonist muscles 
[16,17]
.  
The antagonist musculature slows the movement initiated by the agonist musculature in 
such a way as to allow for controlled movement. It has been suggested that this 
concurrent activation may increase joint stability, aid in the prevention of injury and help 
to control limb position 
[18,19,20,21,22]
. Thus, coactivation may work to improve (e.g., 
through movement control) or inhibit (e.g., through stiffening) performance. It has also 
been suggested that alteration of coactivation patterns via antagonist pre-loading may 
elicit acute performance enhancement of agonist activity 
[6]
. Possible augmentation of 
subsequent agonist contractions might be attributed to a number of possible antagonist 
contraction-related mechanisms. These mechanisms might include 
a) Alterations to the triphasic pattern of ballistic contractions 
b) Antagonist pre-fatigue decreasing resistance to the intended movement 
c) Enhanced activation of agonist due to reciprocal innervation. 
To date, research into PS as a means of enhancing acute performance has focused on 
movements involving high rates of power development 
[6,7]
. These movements are 
commonly performed in an explosive or ballistic manner. Ballistic movements have been 
associated with a triphasic pattern whereby there is an initial burst from the agonist 
musculature, followed by a burst from the antagonist musculature, and then a final burst 
from the agonist musculature 
[23]
. Alteration of the triphasic coactivation pattern (i.e., 
shortening of the antagonist braking period) as a result of antagonist pre-loading has been 
suggested as a possible mechanism responsible for performance enhancement 
[6]
.  
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The study 
[6]
 in which augmentation in PO was observed, occurred in the bench 
press throw when preceded by three minutes by a set of ballistic bench pulls, compared to 
PO in a set of bench press throw with no intervention. The investigators did not 
incorporate a mechanistic evaluation (i.e., EMG) into the research to support the 
hypothesis that antagonist pre-loading altered the triphasic pattern during bench press 
throw. Furthermore, the prescribed warm-up consisted of a single set of bench presses, 
using an absolute load of 60 kg, and a single set of bench press throw, using an absolute 
load of 20 kg. It is possible that the warm-up was inadequate, and therefore any perceived 
augmentation in performance may have been due to a warm-up effect. That is, the pre-
test or baseline set of bench press throw may have been performed in a state of 
incomplete warm-up and thus acted to further prepare the musculature for upcoming 
work. It is possible that, rather than the augmentation in performance being a result of an 
alteration in the triphasic pattern resulting from the antagonistic work, as suggested by 
the investigators, the augmentation was wholly or partially due to a warm-up effect.  
Furthermore, an exercise designed to prepare the back musculature for the upcoming 
ballistic bench pull was not incorporated into the standardized warm-up. It also appears 
that the time lines were different for the control and experimental groups. The control 
group performed the second set of bench press throw three minutes after completing the 
initial set, whereas the experimental group performed the second set of bench press throw 
three minutes after the intervention of ballistic bench pull (6 minutes after the initial set 
of bench press throw). That is, it is possible that results might have been different if the 
control group had been given a similar rest interval between performing like sets. A 
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longer rest interval between sets of bench press throw was employed by the experimental 
group as compared to the control group and may have influenced the results. 
No augmentation was observed in power measures over three PS, in which bench 
press throws were preceded by bench pulls 
[7]
. The research reported no differences in 
EMG activity in the PS as compared to a “traditional” protocol, in which all sets of the 
first exercise (bench pull) were performed prior to all sets of the second exercise (bench 
press throw). It is possible that the lack of augmentation in bench press throw 
performance reported in the study 
[7]
 was due to the implementation of a non-ballistic 
intervention (4-RM bench pull) performed with low repetitions (with a tendency to 
decrease from sets 1 to 3), as compared to the intervention of eight ballistic bench pulls 
[7]
. A non-ballistic intervention would not be expected to affect the triphasic pattern. It is 
also possible, although perhaps unlikely, that performance was enhanced to a similar 
extent in all three sets of PS bench press throw. This would not have been observed, as a 
set of bench press throw without intervention (e.g., prior to the first set of bench pull) was 
not performed. However, the three sets of bench press throw performed under the PS 
condition were not only similar to one another, but also similar to the three sets of bench 
press throw performed under the “traditional” condition. That is, if some augmentation 
occurred repeatedly and to the same extent over three sets under the PS condition, it must 
also have occurred under the “traditional” condition. It would seem unlikely that a similar 
level of augmentation occurred in each set of bench press throw (under both conditions) 
as a result of the cumulative effects of the varying exercise performed prior to that set. 
Rather, it would seem more likely that there was no augmentation in performance.  
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Failure to observe enhancement in performance using maximal isokinetic knee 
flexion and extension has also been reported 
[10]
. The researchers found a decrease in 
peak torque, rate to peak torque and peak power production in the agonist musculature 
when the antagonist muscle group was pre-fatigued. The decrease was greater at slower 
(i.e., 60
o∙ sec-1) as compared to faster (i.e., 180o∙ sec-1 and i.e., 300o∙ sec-1) velocities. 
EMG activity of the agonist and antagonist musculatures was measured and the 
researchers suggested that perhaps the observed increase in EMG activity of the 
antagonist (co-contraction) may have been responsible for the attenuation in performance 
measures. It should be noted that the investigators implemented a warm-up that included 
static stretching. It is generally accepted that static stretching is not advised prior to 
performance 
[24,25]
. One could argue that, similar to the study in which enhancement in 
PO was observed 
[6]
, the warm-up was inadequate and this may have confounded results. 
It is unclear if there is a differential response in the upper body as compared to the lower 
body. It may be that the level of coactivation is greater in the knee flexors and extensors 
as compared to that seen in the chest and back muscle groups. A greater level of 
coactivation in the antagonist musculature may manifest itself as fatigue and affect that 
muscle group adversely when acting as an agonist.  
Of the three studies to date 
[6,7,10]
 which have attempted to enhance PO following 
loading of the antagonist musculature, only one 
[6]
 reported augmentation. Ballistic 
movements may be recommended in the first half of the PS, if the intention is to augment 
PO in the second half via mechanisms related to co-contraction.  
However, it may be possible that pre-fatiguing the antagonist decreases the 
resistance to the intended movement resulting in enhanced performance or agonist force 
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output. It is possible that this, rather than alteration of the triphasic pattern, may have 
been responsible for the enhancement in PO observed in the one study 
[6]
. One might 
wonder why a similar augmentation was not observed in the other two studies 
[7,10]
 as the 
antagonist musculature was pre-fatigued under the protocols implemented by both groups 
of researchers. It is possible that the timeline of any decrease in resistance resulting from 
pre-fatiguing of the antagonist was not captured due to an inappropriate rest interval 
between antagonist and agonist activity. It is also possible that the load or type of 
contraction was inappropriate, or at least was inappropriate in conjunction with the rest 
interval. It is also possible that factors such as training status, training age, chronological 
age, genetics (i.e., fibre-type composition), anthropometry, relative strength or absolute 
strength may have played a role.  
It is also possible that enhanced activation of the agonist musculature due to 
reciprocal innervation 
[26,27,28]
 could result in augmentation of power output. Again, it is 
possible that this mechanism, rather than alteration of the triphasic pattern, may have 
been responsible for the reported enhancement in PO 
[6]
. Perhaps if a submaximal 
intensity bout of antagonist contractions was utilized in the research in which 
augmentation was not observed 
[7,10]
, then a reciprocal innervations-induced activation of 
agonists would prevail over lingering fatigue affects. 
 
2.2 Stretch Shortening Cycle 
 
Stretch shortening cycle movements involving the lengthening of musculature followed 
immediately (i.e., < 1s) by concentric contraction of that musculature may result in 
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enhanced force production 
[29]
. It has been suggested that the enhanced performance 
observed in stretch shortening cycle movements is a result of improved utilization of 
stored elastic energy and/or stretch reflex, resulting in increased neural input and greater 
muscle fibre recruitment 
[30,31,32]
. Due to the nature of PS (i.e., the time between 
antagonist and agonist exercises and the independent character of the two exercises) it is 
unlikely that stretch shortening cycle mechanisms are involved. In order to reduce the rest 
interval between antagonist and agonist work to a length (i.e., short enough) in which 
stretch shortening cycle mechanisms are relevant, it would be necessary to use 
specialized equipment (e.g., a double-acting concentric dynamometer). Although 
mechanisms associated with stretch shortening cycle (i.e., stored elastic energy and 
stretch reflex) could conceivably be a factor with respect to possible acute performance 
enhancement resulting from antagonist pre-loading, it is perhaps more likely (given the 
rest interval between antagonist and agonist work commonly associated with PS) that 
other mechanisms (e.g., above-described) may be responsible for any observed 
performance enhancement in ballistic activities. However, this is speculative at this time. 
Furthermore, evidence that antagonist pre-loading results in power performance 
enhancement is limited and equivocal. 
 
2.3 Fatigue 
 
To date, only one scientific study has examined the effects of PS training on the 
development of strength and power 
[8]. PS was compared to a “traditional” protocol over 
an 8-week period and no differences were reported between the two conditions in the 
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increases in performance measures. However, the researchers did report statistically 
significant increases pre- to post-training in both strength measures (bench pull and bench 
press) under the PS as compared to the “traditional” condition, and a statistically 
significant increase in peak power, pre- to post-training, under the “traditional” as 
compared to the PS condition. Furthermore, under the “traditional” condition, effect size 
statistics indicated medium effect sizes in the three power measures monitored by the 
researchers as compared to small effect sizes in the two monitored strength measures. 
The researchers postulated that although the increases in all performance measures were 
similar across conditions, PS-type protocols may be better suited to developing strength 
as compared to power, and that the reverse is true with respect to “traditional”-type 
protocols. It was hypothesized that the level of fatigue (i.e., greater fatigue under PS due 
to less total rest time during training sessions) may have played a role in the outcomes. 
Muscular fatigue can refer to a decrease in force-generating capacity 
[18,33]
. A 
number of mechanisms, including neuromuscular and metabolic, are responsible for the 
decrease in force-generating capacity. Metabolic fatigue at the cellular level can be 
attributed to an imbalance between ATP production and ATP utilization rates 
[34]
. That is, 
with the onset of intense exercise the production rates of ATP cannot match the 
utilization rates of ATP. This phenomenon is accompanied by the accumulation of a 
number of metabolic byproducts such as hydrogen ions, inorganic phosphate, AMP, ADP 
and IMP, all or some of which may disturb actomyosin cycling, Ca 
2+
 sequestration and 
Na
+
/ K
+
 exchange, thereby resulting in fatigue 
[34]
. Depletion of glycogen, one of the fuels 
for oxidative phosphorylation and the only fuel for glycogenolysis , is also a result of 
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intense activity and results in fatigue. Non-metabolic fatigue can also result from intense 
activity and is characterized by myofibrillar disorientation and cytoskeletal damage 
[34]
.  
 Although the rest interval between like exercises is similar in PS- and 
“traditional”-type protocols, the training density (work/time) is greater under PS, and 
extended bouts (i.e., more than three sets) of PS are likely more fatiguing. However, it 
has been suggested that fatigue may act as a stimulus which leads to increases in strength 
[35]
. The researchers maintained a constant volume load and varied rest intervals between 
contractions. They determined that no rest between contractions led to greater strength 
gains than resting between contractions. It is perhaps possible to infer from these findings 
that in the event volume load is compromised (using similar rest intervals) under PS- as 
compared to “traditional”-type conditions, this may not adversely affect chronic gains in 
strength. In fact, it is possible that a reduced volume load as a result of fatigue may lead 
to greater gains in strength over a prolonged training period. This factor (i.e., fatigue 
acting as a stimulus) may be less likely with respect to power development. It is generally 
accepted that repeatedly achieving greater power outputs in an acute setting over a 
prolonged period will lead to greater chronic adaptation, as compared to prolonged 
training at a lower level 
[36]
. That is, with respect to power, training at a higher level will 
result in adaptation at a higher level. Thus, the argument that fatigue may be beneficial to 
strength and detrimental to power development may perhaps explain the chronic 
outcomes reported in the single longitudinal study investigating PS 
[8]
.  
The neuromuscular mechanisms by which fatiguing contractions may lead to 
increases in strength are unclear. It has been suggested that training protocols which 
produce fatigue result in greater motor unit activation than non-fatiguing protocols and 
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that the level of motor unit activation determines the size of the training response 
[35]
. 
Alternatively, it has been suggested that fatigue might provide a more appropriate setting 
in which to encourage activation of synergist and antagonist muscles and thereby increase 
the training response 
[35]
. Another possible explanation provided by the same researchers 
was that some relationship might exist between events related to fatigue and events that 
trigger muscle adaptation. However, no changes in EMG activity pre- to post-training 
under either a PS or “traditional” condition have been reported [8]. It is therefore difficult 
to postulate as to the appropriateness of the above suggested mechanisms, by which 
fatigue may act as a stimulus for strength, with respect to that study. Furthermore, the 
researchers 
[8]
 did not monitor EMG signal during training sessions under either 
condition. It is therefore difficult to comment on the level of fatigue resulting from PS as 
compared to “traditional” training sessions. However, it is possible that the greater 
training density under PS as compared to “traditional” sessions may have been more 
fatiguing. In the event the PS sessions were more fatiguing, this would not necessarily 
have been reflected in changes in EMG amplitude pre- to post-program 
[37,38,39,40,41,42]
.   
 
3. Exploitation of Paired Sets 
 
Presuming PS can be manipulated in such a way as to enhance athletic performance, an 
effort must be made to determine how to do so. It has been hypothesized that PS training 
may be exploited in order to achieve short-term enhancement of PO 
[6]
 and to achieve 
chronic adaptation through training and thereby improve performance 
[8]
.   
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3.1 Acute Enhancement of Performance 
 
Prior to any attempt to enhance acute athletic performance through the manipulation of 
antagonist contractile history via PS, a number of variables need to be considered. The 
training variables requiring consideration include: type of contraction (i.e., isometric, 
concentric-eccentric, multi-joint, etc.), intensity, volume (i.e., repetitions, sets, cadence, 
time under tension), rest interval(s) between possible multiple sets, rest interval within 
the PS couple, and responses of varying muscle groups. It is also possible that, as with 
many training modalities, inter-individual variability could further confound any attempt 
to manipulate antagonist contractile history for the purpose of enhancing performance. 
Assuming inter-individual variability does exist, a number of categorical variables would 
also need to be considered. These include: training status, training age, chronological age, 
genetics (i.e., fibre-type composition), anthropometry, gender, relative strength, and 
absolute strength. Before any conclusions can be made as to the efficacy of PS training in 
a warm-up protocol designed to enhance performance, further scientific research is 
necessary. 
 
3.2 Strength and Power Development 
 
Prior to designing PS training schemes aimed at developing strength and power, many of 
the same variables (training and categorical) considered with respect to acute 
performance enhancement would need to be taken into account. Depending on the 
combination of exercises, a PS protocol may be intended to develop strength and/or 
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power and/or hypertrophy or any combination of these (Figure 1). Training variables will 
tend to differ depending on the type (i.e., strength and/or power and/or hypertrophy) of 
PS protocol and the goal(s) of that protocol.  
 
4. Conclusions and Recommendations 
 
The suggested mechanisms associated with coactivation underlying acute performance 
enhancement via PS are generally accepted. However, evidence that these phenomena 
can be manipulated through PS to result in performance enhancement is limited and 
equivocal. Furthermore, any suggestion that antagonist pre-loading be employed prior to 
competition with the intention of enhancing competitive performance would seem 
problematic without first determining a number of training variables appropriate to that 
competitor or group of homogeneous competitors. Whether as a training modality or as a 
means of acutely enhancing competitive performance, once the athlete had been 
categorized the identification of specific parameters for each training variable would be 
necessary. This process would need to be repeated for varying muscle groups and varying 
athletic activities. Thus, parameters could be set for each homogeneous group of 
individuals, thereby allowing the enhancement of acute athletic performance. This is 
assuming that the mechanisms underlying PS can not only be elicited in all athletic 
profiles, but can be elicited to an effective extent. It is possible that certain individuals or 
groups may not respond. 
Assuming antagonist contractile history may be manipulated to result in acute 
enhanced performance, the question of feasibility is raised. It would be a considerable 
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task to determine training variable parameters for countless different athletic profiles. 
Assuming training variables were determined in conjunction with the categorical 
variables, a myriad of other implications could arise. For example, possible practicality 
problems could include: 
1. The availability of equipment at the site of competition. 
2. Coordinating the coactivation/fatigue time lines within the competition time 
line. 
3. Cumulative effects over the course of repeated trials (e.g., high jump). 
Issues of transferability could also arise. Whereas a certain stimulus may act to enhance 
performance of a given activity, it may not act to enhance performance of a different 
activity. Experiments would be necessary to determine the applicability of PS to various 
athletic activities. 
Whether pairing biomechanically similar (complex training) or antagonistic (PS) 
exercises, when the second exercise is a power activity, the first exercise in the pair has 
commonly been viewed as an “intervention” by which to enhance performance of the 
second exercise. The first phase of a PS, in which the second activity is a power exercise, 
should not be viewed solely as a means to augment performance of the subsequent power 
phase, but also as an instrument to develop the targeted musculature. For example, if 
bench press throw is proceeded by bench pull, bench pull should be seen not only as a 
means of augmenting performance of bench press throw, but also as a means of 
developing the musculature involved in the bench pull. It would appear that PS training 
coupling heavy resistance and ballistic exercises allows for the acute maintenance of 
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power output over consecutive sets and has no negative effect on volume load (as 
compared to a “traditional” condition) of the heavy resistance exercise [7].   
PS protocols coupling two heavy resistance exercises maintained a similar volume 
load over three sets 
[11]
 and are as effective as “traditional” modalities with respect to 
strength and power development 
[8]
. It is possible that elevated levels of fatigue, as a 
result of the increased training density inherent in PS training, may facilitate strength 
development over extended training periods.  
In the absence of significant differences (acute or chronic) between traditional 
modalities and PS training, it could be argued that PS elicits results similar to those of 
more traditional training methods, but in a more time-efficient manner. Resistance 
training modalities that aim to enhance musculoskeletal conditioning have been 
associated with improved health and a decrease in the risk of chronic disease and 
disability 
[43]
. Athletes and trainers face a number of challenges in preparation for 
competition, and the general population faces challenges with respect to the maintenance 
of health and wellness. Time is a constraint, and one such challenge, for athletes and the 
general population. Efficient resistance training schemes that do not compromise 
efficacy, or increase efficiency, could be advantageous to not only athletes but also the 
general population. 
Attempts have been made to examine the practical applicability of PS with respect 
to enhancing acute athletic performance and as a time-efficient training modality. The 
results discussed in the literature regarding the enhancement of acute performance are 
equivocal, and the task of determining possible parameters allowing for consistent 
enhancement of acute performance is a daunting one. With respect to chronic adaptation, 
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some evidence does exist to suggest that PS is at least as beneficial, and more time-
efficient, as other comparable training methods designed to develop strength and power 
[8]
.  At present, the existing body of literature would seem to suggest that the practical 
applicability of PS with respect to enhancing acute athletic performance is limited. PS 
may be an efficacious and efficient method of developing strength and, to a lesser extent, 
power. 
PS training is an under-researched modality. The above recommendations and 
conclusions are based on limited research. Further research is necessary and could result 
in the modification of current conclusions as to the practical applicability of PS in acute 
and chronic settings. At present, research suggests the proposed benefits of PS training 
include the acute augmentation of PO, superior strength adaptation and time-efficiency. 
Further research is warranted in a variety of areas, including the following:  
Acute performance enhancement.  The suggestion that antagonist pre-loading, via 
ballistic movements, results in enhanced PO in the agonist musculature 
[6]
 should be 
further investigated. Although, for the reasons discussed above (i.e., inability to control 
time lines associated with competition and the availability of equipment), this may be 
problematic as a means to enhance performance pre-competition, training modalities able 
to augment acute PO in a controlled setting could have implications for chronic 
adaptation. Athletes able to consistently train at a higher level may adapt at a higher 
level.  
Chronic adaptation. As suggested 
[8]
, PS training involving heavy resistance exercises 
may allow for superior strength adaptation. This needs to be further investigated through 
examinations into a variety of training variables (e.g., type of contraction, intensity, 
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volume and rest interval length) as they relate to varying muscle groups. Power 
adaptation should also be investigated through longitudinal examinations involving pairs 
of ballistic exercises. PS pairings aimed at hypertrophy should also be longitudinally 
examined.  
Efficiency. Future research investigating the efficiency of PS may wish to further 
examine combinations similar to those already investigated (i.e., upper body 
combinations of two heavy resistance exercises and heavy/ballistic pairings) using 
varying exercises, sets, repetitions, intensities, cadences and rest intervals. Combinations 
of ballistic exercises and lower body pairs also deserve attention. Future studies may also 
wish to investigate PS protocols aimed at hypertrophy as well as those targeting strength 
and power adaptation.  
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CHAPTER 6 
 
CONCLUSIONS 
 
Research into PS-type training is limited and equivocal. Of the three reported studies 
(Baker and Newton, 2005; Burke, Pelham and Holt, 1999; Maynard and Ebben, 2003) 
which investigated agonist-antagonist pairs prior to the current research, two (Baker and 
Newton, 2005; Maynard and Ebben, 2003) utilized protocols (i.e., type of contraction and 
rest interval) which can be considered PS training. Although different muscle groups 
were investigated, both studies examined power output in the second half of a single PS. 
Baker and Newton (2005) observed augmentation in bench press throw power output 
following preloading of the back musculature, whereas Maynard and Ebben (2003) found 
attenuation in knee extension power output when preceded by knee flexor loading. The 
current series of studies was undertaken in order to investigate PS training in terms of 
time-efficiency, to expand on the previously existing body of literature (investigations 
into power output following antagonistic preloading), to examine the maintenance of 
volume load with respect to heavy resistance exercises in a PS environment, to 
investigate the chronic effects of performing PS over an extended period of time and in 
order to provide some insight into possible mechanisms through examination of EMG 
signal.  
Unlike Baker and Newton (2005), in which augmentation of power output was 
observed in bench press throw following loading of the back musculature, the first study 
in the current series found bench press throw power output was not only similar over 
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three PS, but was also similar to power output over three sets under the TS condition. 
This would seem to suggest that strength and power training can be combined in this 
manner without compromising acute power output.  
Volume load was monitored in both acute studies and it was determined that 4-
min rest intervals were inadequate to recover and perform a similar number of repetitions 
in subsequent sets using 4-RM loads in either the bench pull or bench press exercises. 
This was the case regardless of exercise pairing (whether two heavy resistance exercises 
or a heavy resistance and ballistic exercise) or protocol (whether PS or TS). Although 
volume load decreased to a similar extent under both conditions in both studies, there was 
a non-significant trend of greater decreases in volume load under the PS condition in both 
acute studies. It is possible that over longer sessions (i.e., more than three sets) PS may be 
more fatiguing. 
The chronic effects of performing PS over an 8-week period were similar to those 
observed under TS. However, there was a time effect under the PS condition whereby 
both strength measures increased significantly, suggesting that perhaps PS is better suited 
to strength as compared to power development. It is possible that the PS scheme 
prescribed in the current research may be more fatiguing, as compared to TS, when 
performed for more than three sets, as was the case in all training sessions during the 8-
week program. Fatigue may act as a stimulus for strength development and perhaps 
explain why PS may be better suited to strength development. Although the increases in 
all power performance measures were not significant under the PS condition, they were 
similar to the increases (significant and non-significant) observed under the TS condition. 
This would seem to bolster the argument that strength and power training can be 
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combined in this manner without compromising acute power output or chronic power 
development. 
EMG signal was monitored in all three studies in an attempt to provide some 
insight into the fatiguing characteristics and possible neuromuscular adaptation of PS 
training. The level of neuromuscular fatigue as measured by the RMS and MDF of the 
EMG signal during both acute studies was similar (including the within-set response 
observed in the pectoralis major, anterior deltoid and trapezius muscles during the bench 
press exercise) under the PS as compared to the TS condition. This combined with 
similar decreases in volume load suggests that, over three sets, PS is no more fatiguing 
than TS. The EMG signal did not differ pre- to post-training over the 8-week longitudinal 
study under either the PS or TS condition. It is possible that the greater training density 
(training/time) under PS as compared to TS may have been more fatiguing during the 
longer (i.e., more than three sets) sessions prescribed during the 8-week program. In the 
event the PS sessions were more fatiguing, this would not necessarily have been reflected 
in changes in EMG amplitude pre- to post-program.  
The primary focus of the current research was efficiency- that is, output/time in an 
acute setting and effect/time in a chronic setting. Efficiency was calculated in all three 
studies and suggested enhanced efficiency with respect to PS as compared to TS. 
Specifically, PS was determined to have approximately double the efficiency in both 
acute and chronic settings.  
The current series of studies has expanded on previous research into PS power 
output, EMG characteristics of PS and rest interval length with respect to volume load 
maintenance, and has provided some new evidence about the chronic effects of PS on 
    143
 
strength and power development and the time efficiency of PS.  It would seem that PS 
training is an efficacious means of developing strength and an efficient method of 
training both strength and power. This will likely have implications with respect to the 
design of efficacious resistance training programs which are time-efficient. Such time-
efficient resistance training programs will be beneficial to athletes, in that they will be 
able to develop strength and power in a time-efficient manner allowing more time to be 
spent on other aspects of athletic development (e.g., skill development). Better use of 
resources (i.e., time) should theoretically result in the attainment of higher levels of 
athletic performance. Furthermore, as resistance training has been associated with 
improved health and a decrease in the risk of chronic disease and disability (Warburton, 
Nicol and Bredin, 2006), time-efficient programs would likely have a positive effect on 
the health of the general population, in that the possibility of beneficial results in less 
time would probably increase the number of individuals willing to adhere to resistance 
training programs. More people practicing resistance training would undoubtedly be a 
benefit in terms of overall population health. 
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APPENDICES  
 
 
APPENDIX 1: LITERATURE REVIEW 
 
A review of the literature will attempt to place the current research questions in the 
context of previous work. The review is presented in a number of content areas that were 
felt to have influenced the current research. Unlike the “brief review” presented in 
Chapter 5 which focused solely on PS as a training modality and was primarily limited to 
discussion of the three studies investigating PS prior to the current research and the three 
studies making up the current research, this review attempts to place the current research 
into the broader context of strength and power training attempting to manipulate exercise 
order, rest intervals and training volume. 
 
1. Training Modalities and Terminology 
 
A paired set (PS) refers to the coupling of exercises targeting muscle groups in an 
agonist-antagonist relationship, performed coincidentally in an alternating manner. For 
the purposes of this review, PS will refer to modalities involving combinations of heavy 
resistance and/or ballistic exercises in an agonist-antagonist relationship. Such training 
schemes have commonly been referred to, perhaps erroneously, as complex training 
(Baker and Newton, 2005) or as supersets (Anning, 2008; Maynard and Ebben, 2003; 
Wathen, 1994).  
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1.1 Complex Training 
 
Complex training is a relatively well-researched training modality involving the coupling 
of a resistance training exercise with a biomechanically similar plyometric exercise 
(Robbins, 2005). These “complex pairs” attempt to capitalize on the phenomenon of post-
activation potentiation and are typically performed over repeated sets (Robbins, 2005). 
The contractile response of skeletal muscle is partially determined by its contractile 
history (MacIntosh and Rassier, 2002). Contractile stimulation results in attenuation of 
performance due to fatigue. However, at the same time fatigue occurs, post-activation 
potentiation is also elicited. Post-activation potentiation refers to the phenomenon by 
which acute muscle force is enhanced as a result of contractile history. Loading of the 
neuromuscular system elicits an “excited” or “sensitive” state in which power output is 
enhanced (Robbins, 2005). Contractile activity produces both fatigue and post-activation 
potentiation, and it is the balance between the two that determines whether the 
subsequent response is enhanced, diminished or does not change (Robbins, 2005). Post-
activation potentiation has been examined in a number of studies, as have its 
mechanisms. Although there is consensus regarding the existence of post-activation 
potentiation, the mechanisms underlying it are yet to be determined. 
It has also been postulated that the manipulation of post-activation potentiation 
throughout a training macrocycle may allow the athlete to train at a higher level and 
thereby realize greater chronic adaptation (Adams, O‟Shea, O‟Shea and Climstein, 1992; 
Lyttle, Wilson and Ostrowski, 1996; Verkhoshansky and Tatyan, 1973; Young, Jenner 
and Griffiths, 1998).  Studies have compared a complex training method to other training 
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methods aimed at developing power and concluded that the complex method is superior 
(Adams et al., 1992; Lyttle et al., 1996; Verkhoshansky & Tatyan, 1973). A training 
modality, such as PS, coupling biomechanically dissimilar exercises, attempting to 
capitalize on different mechanisms (i.e., other than post-activation potentiation) with 
intentions other than just enhancing acute or chronic power output, should perhaps not be 
referred to as complex training. 
 
1.2  Super sets 
 
Practitioners have commonly prescribed PS-type modalities under the designation of 
“super set”. The term “super set” has been used to describe varying protocols. Generally, 
the term would appear to be used to describe groups of exercises (usually two) performed 
successively, targeting different muscle groups (Wathen, 1994), but it can be used to 
describe protocols that group exercises targeting the same muscle group (Anning, 2008). 
Due to the somewhat unclear definition of “super set”, the term PS is perhaps preferable 
when specifically describing pairs of exercises targeting muscle groups in an agonist-
antagonist relationship. 
 
1.3 Agonist-antagonist pairs 
 
To date, research investigating PS-type training is limited and equivocal in its findings. 
Unlike complex training that attempts to capitalize on post-activation potentiation (PAP), 
agonist/antagonist pairs attempt to enhance performance through pre-loading of the 
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antagonist musculature. Recently Baker and Newton (2005) investigated an upper body 
pairing and suggested that antagonist pre-loading resulted in enhanced reciprocal 
inhibition of the antagonist muscle group during agonist work. Power output in the bench 
press throw was significantly greater when preceded by a set of ballistic bench pulls, as 
compared to power output in a set of bench press throw with no intervention. Ballistic 
movements have been associated with a triphasic pattern whereby there is an initial burst 
from the agonist musculature, followed by a burst from the antagonist musculature, and 
then a final burst from the agonist musculature (Zehr and Sale, 1994). Baker and Newton 
(2005) suggested the pre-loading altered (i.e., shortened) the braking phase of the 
triphasic pattern of the antagonist musculature during the agonist power exercise, thereby 
allowing a longer total agonist burst.  
Maynard and Ebben (2003) investigated the lower body musculature, using 
isokinetic knee flexion and extension, and found a decrease in peak torque, rate to peak 
torque and peak power production in the agonist musculature when the antagonist muscle 
group was prefatigued. These researchers utilized EMG data to provide some insight into 
a possible mechanism or mechanisms which may have been responsible for the reported 
acute attenuation in performance. Specifically, they suggested that prefatiguing the 
antagonist muscle group resulted in increased co-contraction (increased EMG) of the 
antagonist musculature, which resulted in the attenuation of agonist force and power 
output. It is unclear if there is a differential response in the musculature of the upper body 
as compared to the lower body. It may be that the level of coactivation is greater in the 
knee flexors and extensors as compared to that seen in the chest and back muscle groups. 
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A greater level of coactivation in the antagonist may manifest itself as fatigue and affect 
that muscle group adversely when acting as an agonist. 
 
1.4 Summary 
 
Due to the fundamental differences between PS and complex training, it would 
seem misleading to refer to agonist-antagonist pairs as complex training. The term “super 
set” would appear to be used to describe training schemes coupling either 
biomechanically similar (complex training) or dissimilar (PS) exercises, and as such may 
not be the most transparent descriptor of a training modality specifically coupling muscle 
groups in an agonist-antagonist relationship. As discussed above, research involving 
agonist-antagonist training is limited and has been (perhaps erroneously) considered as a 
variation of complex training.  
It is generally accepted that the intent of a complex pair is to augment the 
performance of the second exercise in the pair. It has been postulated that this may have 
some acute benefit as a warm-up prior to competition (Garhammer and Gregor, 1992; 
Radcliffe and Radcliffe, 1996; Young et al., 1998). With respect to chronic adaptation, 
evidence supporting the efficacy of complex training is limited. However, it has been 
postulated that in the event that no significant differences in strength or power occur as 
between complex training and traditional resistance/plyometric training over a 
macrocycle, a case could be made for complex training in terms of efficiency 
(Brandenberg, 2005; Robbins, 2005) - that is, similar outcomes in less training time. 
Complex training couples resistance training with plyometric training, whereas resistance 
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training and plyometric training are usually performed in different training sessions. By 
combining the sessions, the total time required for the resistance training and plyometric 
training is reduced. In the absence of significant differences (acute or chronic) between 
traditional training and complex training, it could be argued that complex training elicits 
results similar to those of more traditional training methods, but in a more time-efficient 
manner. A similar case for efficiency with respect to PS could be made. 
Unlike complex training, which has been relatively well investigated, research 
into PS is limited and has focused solely on attempts to augment power output over a 
single trial. Research into PS has yet to investigate power output over repeated trials, the 
first half of the PS, the chronic development of strength and power, the mechanisms 
underlying upper-body PS training and PS training in terms of efficiency. 
 
2. Possible Mechanisms 
 
The mechanisms underlying PS training are not well investigated and are unclear. In 
order to more completely exploit PS training, it is necessary to better understand the 
underlying mechanisms associated with this form of training. The mechanisms are likely 
linked to contractile history, and specifically, coactivation (Baker and Newton, 2005) and 
fatigue (Rooney, Herbert and Balnave, 1994). The contractile response of skeletal muscle 
is partially determined by its contractile history (MacIntosh and Rassier, 2002), and with 
respect to PS training, the contractile history of both the agonist and antagonist 
musculature must be considered.  
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2.1 Coactivation 
 
Coactivation refers to the concurrent activation of agonist and antagonist muscles (De 
Luca and Mambrito, 1987; Psek and Cafarelli, 1993). With the contraction of an agonist 
muscle, movement occurs in a certain direction which is opposed by an antagonistic 
muscle. The antagonistic response is necessary to allow for smooth limb movement. That 
is, the antagonist musculature slows the movement initiated by the agonist musculature in 
such a way as to allow for controlled movement. It has been suggested that this 
concurrent activation may increase joint stability, aid in injury prevention and help to 
control limb position (Basmajian and DeLuca, 1985; Behm, 2002; Kellis, 1998; Kellis 
and Kellis, 2001; Solomonow, Baratta, Zhou and D‟Ambrosia, 1988). 
A number of studies have examined coactivation of muscles in the lower body, 
whereas fewer studies have investigated coactivation of muscles in the upper body. 
Studies investigating muscles in the lower body have commonly examined muscles 
related to the knee joint; whereas those investigating muscles in the upper body have 
commonly targeted muscles related to the elbow joint. Several studies have reported 
increases in antagonist coactivation to reflect increases in agonist muscle activity during 
submaximal isometric contractions (Haakinen, Hakkinen, Hannonen and Alen, 2000; 
Hunter, Lepers, MacGillis and Enoka, 2003; Mullany, O‟Malley, St.Clair Gibson and 
Vaughn, 2002; Psek and Cafarelli, 1993). Other studies examining maximal voluntary 
contractions have observed antagonist coactivation to remain unchanged or to reflect 
decreases in agonist activity (Mullany et al., 2002; Patikas et al., 2002; Rothmuller and 
Cafarelli, 1995). Antagonist coactivation has been reported to remain unchanged or 
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increase during maximal isokinetic contractions (Kellis, 1998; Weir, Keefe, Eaton, 
Augustine and Tobin, 1998).  
Findings with respect to the degree of coactivation seem to vary depending on the 
type of contraction and are somewhat equivocal. However, it is generally accepted that 
both high-force and rapid movements are associated with considerable coactivation 
(Cheron and Godaux, 1986; Gottlieb, Corcos and Agarwal, 1989; Mustard and Lee, 1987; 
Psek and Cafarelli, 1993). Movements similar to these can be achieved with resistance 
exercise. A number of studies have reported considerable coactivation associated with 
resistance activity (Levine and Kabat, 1952; Moore and Hutton, 1980; Patton and 
Motenson, 1971). It has been suggested that the considerable antagonist coactivation 
associated with large agonist force production assists in the prevention of possible injury 
due to uneven pressure being applied to the joint (Solomonow et al., 1988).  
It is generally accepted that neural adaptations contribute to increases in muscular 
strength (Behm, 1995). Although it has been suggested that resistance training may lead 
to a decrease in co-contraction of the antagonist and thereby allow for greater force 
production of the agonist musculature, this is uncertain, and in fact, training-induced 
increases in strength may lead to greater co-contraction (Baratta et al., 1988 ). In contrast, 
Jaric, Ropert, Kukolj and Ilich (1995) concluded that, with respect to rapid movements, 
resistance training reduces the effect of co-contraction. They determined that strength 
increases allowed for a shorter braking period (of antagonists) and a longer relative 
acceleration period (of agonists). Ballistic movements have been associated with a 
triphasic muscle recruitment pattern whereby there is an initial burst of electrical activity 
from the agonist musculature, followed by a burst from the antagonist musculature, and 
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then another burst from the agonist musculature (Zehr and Sale, 1994). It has been 
suggested that antagonist co-contraction is a function of the type of movement and the 
strategy of that movement (Waters and Strick, 1981). Marsden, Obeso and Rothwell 
(1983) concluded that the degree and timing of muscle activity (agonist/antagonist) were 
a function of the task performed. Lestienne (1979) also suggested that the degree of 
antagonist activity was directly proportional to the velocity of movement. Therefore, 
although some consensus exists regarding the relationship between the level of co-
contraction and the activity being performed, evidence with respect to training-induced 
effects on co-contraction remains equivocal.  
Due to the nature and specificity of adjustments in coactivation, it has been 
suggested that during the contraction of a muscle the nervous system is continually 
coordinating the agonist and antagonist muscles (Psek and Cafarelli, 1993). The 
concomitant adjustments to the agonist and antagonist are essential to avoid reductions in 
force production due to an overactive antagonist muscle or a decrease in joint stability 
due to an underactive antagonist muscle. Antagonist coactivation allows for maximal 
force production while minimizing the possibility of injury. 
Repeated or prolonged intense activity leads to fatigue and the inability to 
maintain maximal force production. Although maximal force output is compromised, 
submaximal force output is possible through the recruitment of additional motor units 
(Psek and Cafarelli, 1993). However, an increase in the force production of the antagonist 
muscle caused by coactivation results in a decrease in agonist force production (Haakinen 
et al., 2000; Psek and Cafarelli, 1993). Thus, in order to compensate for coactivation, 
additional recruitment of motor units by the agonist muscle is necessary. That is, 
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additional motor units are required to counteract antagonist coactivation in addition to the 
additional motor units required to compensate for fatigue. This suggests that increasing 
coactivation leads to fatigue in the agonist muscle (Psek and Cafarelli, 1993). However, 
whether this translates into fatigue of the antagonist is unclear. Patikas et al. (2002) 
reported that during a maximal fatiguing protocol, force output and EMG activity of the 
agonist decreased, and observed a non-significant decrease in EMG activity associated 
with the antagonist. Hautier et al. (2000) observed a decrease in activity in antagonist 
muscles after fatigue and suggested a decrease in antagonist coactivation as agonist force 
is lost. Kellis and Kellis (2001) examined the activity of antagonist muscles during a 
reciprocal isokinetic fatigue test of the knee extensors and flexors and concluded that 
both knee extensors and flexors were fatigued, but that EMG patterns of these muscles 
were not significantly affected when acting as antagonists.  
It is generally accepted that coactivation exists. With the onset of activity, the 
antagonist muscles are activated and work in conjunction with the agonist muscles 
throughout the movement (Zehr and Sale, 1994). That is, the antagonist muscles are not 
“resting” during a movement driven by the agonist muscles. Whether or not this 
antagonist activity manifests itself as fatigue in the antagonist muscle group and results in 
a decrease in performance of that muscle group, when it is acting as the agonist in 
subsequent sets, is of concern when prescribing PS. This issue will be discussed in 
greater detail in the section on fatigue. 
When performing PS in the present research, the antagonist group was targeted 
immediately (within 120 seconds) following work primarily performed by the agonist 
muscle group. Of interest was whether antagonist coactivation results in significant 
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fatigue in the antagonist muscle group which then compromises the performance of that 
muscle group when performing as an agonist in the second half of the PS. On the other 
hand, it is possible that antagonist coactivation may result in an augmentation of 
performance. 
Baker and Newton (2005) observed a potentiated power output in bench press 
throw when preceded by bench pull exercises. These researchers suggested that 
antagonist pre-loading altered the aforementioned triphasic pattern during subsequent 
agonist activity. Specifically, it was suggested that performance of a set of eight ballistic 
bench pulls acted to decrease the antagonist braking period, allowing for a longer 
acceleration period, during the subsequent set of bench press throws. However, this study 
was conducted over a single set, and whether similar results would be observed over 
multiple PS is uncertain. That is, it is possible that any potentiation in performance 
observed in a single set may be outweighed by the cumulative effects of fatigue when PS 
is performed over multiple sets. It is also important to note that all subjects tested by the 
investigators had a minimum of six months‟ experience in complex training. One could 
argue that this level of experience with PS is not typical (i.e., greater than normal), and as 
such may have influenced the outcome. Furthermore, the prescribed warm-up consisted 
of only a single set of bench presses, using an absolute load of 60 kg, and a single set of 
bench press throws, using an absolute load of 20 kg. It is quite possible that the warm-up 
was inadequate and, as such, the augmentation in performance may have been due to a 
warm-up effect. That is, the pre-test or baseline set of bench press throws may have been 
performed in a state of incomplete warm-up and thus acted to further prepare the 
musculature for upcoming work. Perhaps, rather than the augmentation in performance 
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being a result of a decrease in reciprocal inhibition resulting from the antagonistic work, 
as suggested by the investigators, the augmentation was simply (or partially) due to a 
warm-up effect. The researchers also neglected to incorporate an exercise designed to 
prepare the back musculature for the upcoming ballistic bench pulls into the standardized 
warm-up. It also appears that the timelines were different for the control and 
experimental groups. The control group performed the second set of bench press throws 
three minutes after completing the initial set, whereas the experimental group performed 
the second set three minutes after the intervention of ballistic bench pulls (i.e., six 
minutes after completing the initial set of bench press throws). That is, it is possible that 
results might have been different if the control group had been given a similar rest 
interval between performing like sets. A longer rest interval between sets of bench press 
throws was employed by the experimental group as compared to the control group and 
may have influenced the results.  
Maynard and Ebben (2003) measured EMG in an investigation into the efficacy 
of PS. They found a decrease in performance of the agonist muscle group when 
prefatiguing the antagonist musculature. Specifically, torque and power measurements in 
isokinetic knee extensions, performed at varying velocities, were attenuated when 
preceded by isokinetic knee flexions. This attenuation was most pronounced during 
slower velocities that more closely resemble the speed at which isotonic training typically 
occurs. These researchers suggested the observed increase in EMG activity of the 
antagonist musculature (co-contraction) may have been responsible for the attenuation in 
performance measures. It should be noted the investigators implemented a warm-up that 
included static stretching. It is generally accepted that static stretching is not preferred 
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prior to performance (Young and Behm, 2002). One could argue that similar to the Baker 
and Newton study (2005), the warm-up was inadequate and this may have confounded 
results. The researchers observed 25% greater EMG activity in the hamstrings when 
prefatigued, as compared to a non-fatigued state, when performing knee extensions. It is 
possible that fatigue as a result of coactivation could compromise performance over 
multiple sets. 
 
2.2 Stretch Shortening Cycle 
 
Stretch shortening cycle movements involving the lengthening of musculature followed 
immediately by concentric contraction of that musculature may result in enhanced force 
production (Komi, 2000). It has been suggested that the enhanced performance observed 
in stretch shortening cycle movements is a result of improved utilization of stored elastic 
energy and/or stretch reflex, resulting in increased neural input and greater muscle fibre 
recruitment (Smidtbleicher, Gollhoer and Frick, 1988; Walsh, Wilson and Ettema, 1998; 
Wilson, Wood and Elliot, 1991).  
Burke, Pelham and Holt (1999) investigated a pairing of upper body agonist-
antagonist movements performed with no rest between contractions and observed 
augmented power output when both the agonist and antagonist contractions were 
performed at high velocities. High-force antagonist contractions performed at slower 
velocities did not augment agonist performance under slow or fast conditions. These 
researchers suggested that the augmentation observed when both the agonist and 
antagonist contractions were performed at fast velocities was a result of stored elastic 
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energy or stretch reflex associated with the stretch shortening cycle. It should be noted 
that not only was the number of participants small (12), but they were likely 
inexperienced with the type of contraction (isokinetic), the type of equipment (double-
acting concentric dynamometer), the type of action (seated-horizontal push/pull) and the 
velocities of contraction. Participants were afforded an opportunity to familiarize 
themselves with the equipment by means of a number of practice repetitions. It could be 
argued that the single session was inadequate to truly familiarize the participants with the 
protocol. Furthermore, the warm-up was not specific to subsequent contractions. In fact, 
all testing (different contractions and different velocities) was performed in a single 
session with only 20 seconds of rest between tests.  
The loading scheme utilized by Burke, Pelham and Holt (1999), which alternated 
agonist and antagonist movements rather than alternating sets of an exercise targeting 
either the agonist or antagonist muscle group, and performed the agonist and antagonist 
movements as a single repetition, is perhaps too unlike PS training to be considered 
relevant. Due to the nature of PS (i.e., the time between antagonist and agonist exercises 
and the independent character of the two exercises), it is unlikely that stretch shortening 
cycle mechanisms are involved. In order to reduce the rest interval between antagonist 
and agonist work to a length short enough that stretch shortening cycle mechanisms are 
relevant, specialized equipment (e.g., a double-acting concentric dynamometer) would be 
necessary. This type of loading is arguably too unlike PS training to be considered 
applicable. 
 
2.3. Fatigue  
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Muscular fatigue can refer to a decrease in force-generating capacity (Barnett and 
Harding, 1955; Basmajian and DeLuca, 1985). Reductions in the ability to produce a 
given force or power output are quickly observed with the onset of intense activity. A 
number of mechanisms, including neuromuscular and metabolic, are responsible for the 
decrease in force-generating capacity. Metabolic fatigue at the cellular level can be 
attributed to an imbalance between ATP production and ATP utilization rates (Allen, 
Lamb and Westerblad, 2008). That is, with the onset of intense exercise the production 
rates of ATP cannot match the utilization rates of ATP. This phenomenon is accompanied 
by the accumulation of a number of metabolic byproducts such as hydrogen ions, 
inorganic phosphate, AMP, ADP and IMP, all or some of which may disturb actomyosin 
cycling, Ca 
2+
 sequestration and Na
+
/ K
+
 exchange, thereby resulting in fatigue (Allen, 
Lamb and Westerblad, 2008). Depletion of glycogen, one of the fuels for oxidative 
phosphorylation and the only fuel for glycogenolysis, is also a result of intense activity 
and results in fatigue. Non-metabloic fatigue can also result from intense activity and be 
independent of metabolic fatigue. Such fatigue is characterized by myofibrillar 
disorientation and cytoskeletal damage (Green, 1997). 
 A number of studies have investigated the effect of fatigue on performance. Weir, 
Wagner and Housh (1994) concluded that 1-RM bench press performance was not 
affected by rest interval lengths of 1, 3, 5 or 10 minutes. Repetition of maximal bench 
press was achieved at all rest interval lengths. That is, fatigue did not compromise 1-RM 
bench press following as little as one minute of rest. Hakkinen (1994) examined the 
effects of heavy loading, in the squat exercise, on force production in males and females 
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over 10 sets of 10 repetitions with a 3-min rest interval between sets and observed 
considerable acute fatigue. This fatigue was manifested in a reduction of work performed. 
Abdessemed, Duche, Hautier, Poumarat and Bedu (1999) investigated the effects on 
power of performing 10 sets of 6 repetitions of Bench press at 70% of 1-RM using a 1-, 
3- or 5-min rest interval between sets. They concluded that no difference in performance 
measurements was evident when subjects were given 3- or 5-min rest intervals between 
sets. However, decreases in performance were observed when the 1-min rest interval 
protocol was compared to either the 3- or 5-min rest interval protocols. Performance was 
compromised using 1-min rest intervals in the last three repetitions of sets 4 through 10. 
It is generally accepted that prolonged intense exercise leads to acute fatigue and a 
decrease in the ability to generate force. 
 Due to the nature of PS, more work is able to be performed per unit of time and 
therefore fatigue is a variable to be considered. The work performed by an opposing 
muscle group in conjunction with the initially targeted muscle (during the rest interval) 
may result in greater fatigue and thereby compromise the performance of one or both of 
the muscle groups being targeted in the PS. In the event that a reduced capability to 
produce force or power is observed, the question then arises as to whether this will have a 
detrimental effect on the training outcome. With respect to traditional weight training 
exercises, perhaps it is not the volume load (load x repetitions) performed in a given 
training session that is of utmost importance, but rather the stress on the musculature 
throughout that training session. It is possible that volume load is compromised over 
consecutive sets (or as compared to TS-type protocols) when performing either PS 
involving two heavy resistance exercises, both performed to failure, or PS coupling a 
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heavy resistance exercise (performed to failure) with a ballistic exercise (not performed 
to failure). It is also possible the power measurements obtained from the power portion 
(i.e., the ballistic half) of PS coupling heavy resistance and ballistic movements may 
show attenuation over consecutive sets, or as compared to TS-type protocols. It is also 
possible, according to some evidence (Baker and Newton, 2005), that performance of the 
ballistic-type exercise is enhanced when performing PS. A decrease in volume load may 
be the result of physiological (e.g., depletion of ATP stores) or psychological (e.g., 
greater perceived exertion) factors. However, any decrease in volume load may or may 
not result in reduced strength and/or power development. With respect to the chronic 
adaptation related to the acute enhancement or attenuation of power when performing PS, 
it is possible that prolonged training at either a higher or lower level may affect 
adaptation. Training at a higher level (repeated acute performance enhancement) may 
result in greater development. It is also possible that repeatedly training at a lower level 
(acute training sessions in which performance is attenuated) may have a detrimental 
effect on the training outcome. 
 It has been suggested that fatigue may act as a stimulus which leads to increases 
in strength (Rooney, Herbert and Balnave, 1994). These researchers maintained a 
constant volume load (unlikely in the current research) and varied rest intervals between 
contractions. They determined that no rest between contractions led to greater strength 
gains than resting between contractions. It is perhaps possible to infer from these findings 
that in the event volume load is compromised in the current research, this may not 
adversely affect chronic gains in strength. That is, in the event volume load of the heavy 
resistance exercise(s) is compromised in PS (presumably due to fatigue), this may not be 
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detrimental to strength and/or power development. In fact, it is possible that a reduced 
volume load as a result of fatigue may show greater gains in strength over a longitudinal 
study. This may be less likely with respect to power development. To suggest that 
performing ballistic-type power exercises in a fatigued state is preferable to performing 
such exercises in a non-fatigued state is perhaps less plausible than suggesting that 
fatigue may act as a stimulus for strength development. It is generally accepted that 
repeatedly achieving greater power outputs in an acute setting over a prolonged period 
will lead to greater chronic adaptation as compared to prolonged training at a lower level 
(American College of Sports Medicine, 2002; Baechle, Earle and Wathen, 2000). That is, 
training at a higher level will result in adaptation at a higher level. The argument that 
fatigue may not be detrimental to strength development is likely not valid when applied 
to power development.  
 As briefly discussed above, the mechanisms (whether metabolic or 
neuromuscular) by which fatiguing contractions may lead to increases in strength and/or 
power are unclear. It has been suggested that training protocols which produce fatigue 
result in greater motor unit activation than non-fatiguing protocols and that the level of 
motor unit activation determines the size of the training response (Rooney, Herbert and 
Balnave, 1994). These researchers alternatively suggested that fatigue might provide a 
more appropriate setting in which to encourage activation of synergist and antagonist 
muscles and thereby increase the training response. Another possible explanation 
provided by the researchers was that some relationship might exist between events related 
to fatigue and events that trigger muscle adaptation. 
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 2.4 Summary 
 
Due to commonly utilized PS loading schemes it would seem unlikely that 
stretch-shortening-cycle-related mechanisms play a role in PS training. In acute or 
chronic PS settings in which power output via ballistic activities is a focus, co-
contraction-related mechanisms are perhaps the underlying phenomena responsible for 
any changes in performance. In terms of acute maintenance of volume load or chronic 
development of strength, it is possible that fatigue may play a role in PS training. 
 
3. Variables 
 
A number of variables need to be considered prior to development of a research 
methodology or methodologies designed to investigate strength and power development 
via PS. 
 
3.1 Instrumentation 
 
In order to measure and evaluate fitness components such as strength and power and 
possible underlying mechanisms associated with their development, varying 
instrumentation is available.  
 
3.1.1 Electromyography (EMG) 
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EMG provides insight into the physiological processes that allow muscles to generate 
force, produce movement and experience fatigue. EMG is a much-used method to assess 
neural drive to a muscle by recording the recruitment of motor units, their firing 
frequency, and the synchronization of these impulses (Behm, 1995). Increases or 
decreases in EMG activity brought about by fatiguing exercise may represent one, or a 
combination of, the following: impairment of motor unit recruitment, decreased firing 
frequency, or loss of motor unit synchronization (Moritani, Muro and Nagata, 1986). 
EMG has been used extensively to simultaneously record data from both the agonist and 
antagonist musculature during a single contraction (Behm and Sale, 1996; Draganich, 
Jaeger and Kralj, 1989; Grabiner, 1994; Holt, Kaplan, Okita and Hoshiko, 1969; Jaric et 
al., 1997; Jaric, Ropert, Kokolj and Ilic, 1995; Psek and Cafarelli, 1993). The use of 
EMG in such a setting allows the researchers to provide some insight into what effect 
fatigue has on the relationship between the agonist and antagonist muscle groups. With 
respect to the current research, simultaneously monitoring the activity of agonist and 
antagonist musculature during acute testing sessions will allow the investigators to 
comment on possible mechanisms which may, or may not, be responsible for any 
differences, or lack of, observed in the performance measurements monitored in PS and 
TS protocols. Changes in, or lack of, EMG signal over the course of a longitudinal study 
may provide some insight into possible neuromuscular adaptation under either PS or TS 
conditions.  EMG analysis is a reliable method for monitoring muscle fatigue (De Luca, 
1993; De Luca, 1997; Ebenbichler et al., 2001). Reliability of EMG is commonly 
confirmed using intraclass correlation coefficients (Behm, 2002; Behm and St-Pierre, 
1997; Behm and Sale, 1996). 
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3.1.2 Ballistic Measurement System 
 
Power output can be calculated using a position transducer (Celesco PT5A-V62-UP-1K-
M6, manufactured by IDM Instruments and distributed by Fitness Technology, Adelaide, 
Australia) (Hori, Newton, Nosaka and McGuigan, 2006). The system comprises a cable-
extension potentiometer (distance transducer), USB data collection interface, and custom 
software (Ballistic Measurement System, Fitness Technology, Adelaide, Australia) to 
accurately measure the vertical movement. The Ballistic Measuring System can be 
secured to the barbell in a Smith machine. The barbell is limited to movement in the 
vertical plane (e.g., when thrown from the chest in a supine position). 
 
3.2 Training Volume 
 
It has been suggested that increased volume loads result in greater benefits (Atha, 2005; 
Gettman, Ward and Hagman, 1982). However, there is also evidence indicating that 
decreased volume does not result in lesser strength or power adaptation (Gonzalez-
Badillo, Gorostiaga, Arellano and Izquierdo, 2005; Pollock et al., 1993; Silvester, 
Stiggins, Mcgown and Bryce, 1982; Starkey et al., 1996; Stowers et al., 1983; Westcott, 
Greenberger and Milius, 1989). That is, lower volumes compared to higher volumes 
performed over the course of a macrocycle did not negatively affect the development of 
strength and/or power. One study, in fact, determined that moderate resistance training 
volume resulted in greater strength gains when compared to high or low volumes over a 
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10-week period (Gonzalez-Badillo et al., 2005). The results in the available literature are 
equivocal and perhaps not relevant to paired sets for a number of reasons, including one 
fundamental difference between the protocols investigated and the present research – that 
is, the present research does not intend to manipulate volume. Similar volume loads will 
be prescribed and performed to failure in strength-type exercises or prescribed for a 
specific, low number of repetitions of ballistic-type exercises. 
 
3.3 Training Protocol 
 
 Varying training protocols have been prescribed by strength and conditioning 
coaches in an attempt to improve strength and power. Certain principles and concepts are 
generally accepted and common throughout most training protocols. These include 
progressively overloading the targeted muscles through a periodized scheme that 
systematically varies volume and intensity (Hakkinen, Pakarinen, Alen, Kauhanen and 
Komi, 1987; Stone and O‟Bryant, 1987; Stone, O‟Bryant and Garhammer, 1981). 
Although continual progression at a steady rate is unlikely over extended periods of time, 
the manipulation of training variables not only limits stagnation but also allows for 
improvement with long-term training (Stone, Fleck, Triplett & Kraemer, 1991). Training 
variables that need to be considered include: 
 
 3.3.1 Intensity 
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The intensity or load can be described in absolute terms (e.g., 100 kg) or in relative terms 
(e.g., 80% of 1-RM). When prescribing resistance training programs, for groups of 
individuals, which intend to equate volume load, loads in relative terms may be more 
practical as volume becomes easier to control. Relative loads will allow repetition ranges 
among participants to be more consistent and allow the researchers to comment on 
specific repetition ranges. In order to develop strength in experienced lifters, loads of 
80% of 1-RM (Hakkinen and Komi, 1985) and low repetitions (1-6 RM) have been 
recommended (Berger, 1962; Weiss, Coney and Clark, 1999). With respect to developing 
power, much lighter loads are typically prescribed. Loads of 30-60% of 1-RM bench 
press performed in a ballistic manner have been suggested to achieve maximum power 
output (Baker, Nance and Moore, 2001; Cronin and Crewther, 2004).  
 
 3.3.2 Volume  
 
Volume is the total number of repetitions (Tan, 1999). In order to develop strength, low-
volume schemes prescribing high intensity coupled with low repetitions performed over a 
moderate number (3-5) of sets have been shown to be effective (Berger, 1962; Jones and 
Rutherford, 1987). With respect to the development of power, resistances of low intensity 
performed in a ballistic manner have been shown to be superior to high-intensity 
resistance exercise (Hakkinen and Komi, 1985). Multiple-set programs are recommended 
over single-set programs in order to develop strength (Kraemer et al., 1997; 
Schlumberger, Stec and Schmidtbleicher, 2001) or power (Kraemer et al., 2002). 
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3.3.3 Specificity 
 
The principle of specificity is generally accepted as meaning that in order to realize the 
greatest gains in performance, athletes should train using methods specific to the activity 
they wish to improve. Training specificity is based on the supposition that the training 
responses of a given training modality are directly related to the physiological and 
biomechanical demands of a given activity (Kraemer et al., 2002). A review by 
Morrissey, Harman and Johnson (1995) concluded that evidence supports exercise-type 
specificity, range-of-motion specificity and velocity specificity. For example, dynamic 
training results in the greatest improvements in strength and power in a dynamic 
setting/activity. Velocities and ranges-of-motion targeted in training result in greater 
strength gains at those velocities and ranges-of-motion. It has been recommended that, in 
terms of strength and power training, exercise selection should adhere to biomechanical 
specificity, and that the test modality should mimic the training as closely as possible 
(Gamble, 2006). 
 
3.3.4 Muscle action 
 
Resistance training protocols may utilize a number of different muscle actions, including 
isometric, isokinetic and isotonic. Most athletic movements involve a dynamic 
contraction performed at varying velocities. In order to develop strength or power, 
dynamic contractions involving both concentric and eccentric actions are recommended 
(Kraemer et al., 2002). 
    168
 
 
 3.3.5 Exercise selection 
 
Both single-joint and multiple-joint exercises are commonly prescribed to develop 
strength. Multiple-joint exercises are generally considered more effective for developing 
strength (Stone et al., 1998). Due to the nature of power training and the need to rapidly 
produce force, multiple-joint exercises are commonly prescribed (Garhammer and 
Gregor, 1992).   
 
 3.3.6 Rest interval 
 
Rest intervals can be manipulated to induce or avoid fatigue. PS attempt to take 
advantage of the rest interval between like sets to perform work, increasing training 
density, and thereby be considered time-efficient. However, incorrect manipulation of the 
rest interval could result in PS being less efficient than traditional straight sets. That is, 
acute efficiency (as defined for the purposes of this research by output/time) could 
decrease. A decrease in acute efficiency would not necessarily translate into a decrease in 
chronic efficiency (effect/time). Nor would an increase in acute efficiency necessarily 
translate into an increase in chronic efficiency. The training-induced outcome is affected 
by fatigue, the variable largely responsible for determining acute efficiency (in terms of 
volume load maintenance). Whereas fatigue has a negative or diminishing effect on the 
acute efficiency ratio (by decreasing the numerator), it may or may not have a similar 
effect on the training outcome. It has been suggested that fatigue may, in fact, act as a 
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stimulus for strength and power development (Rooney et al., 1994). Ultimately, it is the 
training outcome which is of importance, and therefore fatigue (as reflected in a 
diminished ability to perform work) may or may not be detrimental and may or may not 
be beneficial. 
Studies of an acute nature have suggested that longer rest intervals allow for more 
complete recovery and the ability to maintain a given volume load (Richmond and 
Godard, 2004; Willardson and Burkett, 2005). Of more interest to the present research is 
the literature regarding longitudinal studies and rest intervals. It has been suggested that 
longer rest periods (3 min) produce greater strength gains as compared to shorter rest 
periods (30 s) over a training macrocycle (Robinson et al., 1995). Ahtiainen, Pakarinen, 
Alen, Kraemer and Hakkinen (2005) determined that no significant differences existed 
between 2- and 5-min rest intervlas with respect to muscle strength adaptation over a 6-
month training period. It would appear that over a training macrocycle a 2-3 min rest 
interval between like sets is sufficient in terms of enhancing strength. With respect to 
power training, technique is extremely important in order to minimize the likelihood of 
injury. Furthermore, many of the commonly prescribed exercises are relatively difficult 
to perform. Therefore, it is recommended that longer rest periods be utilized in order to 
allow for recovery from fatigue (Kraemer et al., 2002; Tan, 1999).  
 
 3.3.7 Velocity/cadence 
 
It has been suggested that moderate (1-2 second concentric and eccentric contractions) 
velocities may be more effective for increasing strength when compared to slower 
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velocities (Hay, Andrews & Vaughn, 1983). Due to the nature of power training, 
explosive velocities are recommended (Kraemer et al., 2002). 
 
 3.3.8 Frequency 
 
Training frequency is a function of a number of variables, the most important of which 
are intensity and volume. Programs targeting specific muscle groups are recommended 
for all but novice or untrained individuals (Kraemer et al., 2002; Tan, 1999). Targeting 
each muscle group once or twice per week has been suggested to be sufficient when 
training for strength or power or a combination of the two (Kraemer et al., 2002). 
 
 3.3.9 Duration 
 
Longitudinal training studies attempting to elicit significant changes in strength and/or 
power vary considerably in length of training studied. Several studies have successfully 
utilized an eight-week training period to elicit significant changes in strength or power 
(Campos et al., 2002; Fletcher and Hartwell, 2004; Hakkinen and Komi, 1981; Kraemer 
et el., 1997; Newton and McEvoy, 1994; Rimmer and Sleivert, 2000). 
 
 3.3.10 Warm-up 
 
It is generally accepted that some form of warm-up before physical activity is preferred in 
order to optimize performance and reduce the risk of injury. In recent years, a number of 
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studies have concluded that a dynamic warm-up is more effective than static stretching 
(Burkett, Phillips and Ziuraitis, 2005; Fletcher and Hartwell, 2004; McMillian, Moore, 
Hatler and Taylor, 2006). It has been suggested that progressive submaximal exercise, 
specific to the forthcoming activity, be performed prior to activities involving maximal 
effort (Burkett et al., 2005; Young and Behm, 2002).  
 
3.3.11 Measurement activities 
 
Bench press. The 1-RM bench press is generally accepted as a reliable basis for 
strength assessment in the upper body (Baker, Nance and Moore, 2001; Baker and 
Newton, 2005; Baker and Newton, 2006; Braith, Graves, Leggett and Pollack, 1993; 
Chapman, Whitehead and Binkert, 1998; Cotterman, Darby and Skelly, 2005; Mayhew, 
Ball and Arnold, 1989). Methods used to determine 1-RM in the bench press have been 
previously described (Stone and O‟Bryant, 1987; Wathen, 1994). See Appendix A for a 
full description of the method used to determine 1-RM in the bench press. A similar 
method may be used to determine a 4-RM. Correct bench press technique is described by 
Baechle, Earle and Allerheiligen (1994). Loads between 1- and 6-RM are recommended 
for the development of strength (Berger, 1962; Moss et al., 1997; Stone and O‟Bryant, 
1987).  
 Bench pull. The bench pull exercise is a less utilized strength assessment tool. 
However, it is an antagonistic action to the bench press and, as such, could be used in a 
PS combining bench pull and bench press. The bench pull is a bilateral free weight 
exercise (like bench press) that allows for easy identification of completion of a correct 
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repetition. As the bench pull exercise will be used in an attempt to develop strength in the 
targeted muscle group, a similar repetition range to that used in the bench press is 
recommended (Tan, 1999). Determination of 1- and 4-RM can be achieved as described 
for the bench press. 
 Bench press throw. The bench press throw is performed in an explosive manner 
and is an activity used to measure power output (Baker et al., 2001; Baker and Newton, 
2005). Bench press throw has been suggested as a reliable measurement of upper body 
power (Alemany et al., 2005; Baker et al., 2001; Baker and Newton, 2005). Bench press 
throw technique is described by Baker (Baker and Newton, 2006). It is recommended 
that, for maximum power output, the bench press throw be performed at 30-60% of 1-RM 
(Baker, Nance and Moore, 2001; Cronin and Crewther, 2004). It has also been suggested 
that over the course of a training cycle lighter loads (e.g., 40% of 1-RM) would likely 
lead to greater enhancement of strength and power than heavier loads (> 60%) (Cronin 
and Crewther, 2004). It has been recommended that when using loads designed to 
achieve maximum power output, low repetitions (e.g., 3-6) be utilized (Baker et al., 
2001).  
 
      4. Summary 
 
PS training is fundamentally different than complex training and should not be referred to 
as such. While PS may fit under the somewhat broad (and, at times, perhaps misused) 
term super set, it would seem that, for clarity, training schemes that pair agonist and 
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antagonist exercises should have their own designation. A common terminology (paired 
set) is proposed. 
PS training is under-researched. To date, two studies (Baker and Newton, 2005; 
Maynard and Ebben, 2003) have investigated PS-type training aimed at augmentation of 
power output and the findings are equivocal. These studies do shed some light on PS as a 
means of acutely enhancing power output in an acute setting. While the possible 
mechanisms underlying PS (i.e., coactivation and fatigue) have been well investigated, 
examination of these phenomena in relation to PS is limited to a single lower-body study 
(Maynard and Ebben, 2003).   
Despite being prescribed by strength and conditioning coaches over the past 
several years, there is limited data supporting the efficacy of PS. Research investigating 
power output in the second half of a PS over multiple sets does not exist. Research 
investigating both halves of PS does not exist. Research investigating PS involving heavy 
resistance exercises does not exist. Research investigating possible underlying 
mechanisms is limited. Research investigating the chronic effects on strength and power 
of performing PS over an extended period of time does not exist. Research investigating 
PS in terms of time efficiency does not exist. Evidence supporting the efficacy, and 
efficiency, of PS could contribute in a positive manner to the design of resistance training 
programs beneficial to athletes and to the overall health of the general population.  
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SUB-APPENDICES  
 
 
Appendix A: Variables related to testing protocols 
 
 
Determination of 1-RM (Stone and O‟Bryant, 1991): 
 A similar method will be used to determine a 4-RM.  
1. Set of 5-10 reps using 40-60% of expected maximum (30-50% for 4-RM). 
2. After an approximately 1-min rest interval, a set of 3-5 reps using 60-80% of 
perceived maximum (50-70% for 4-RM). 
3. After an approximately 2-min rest interval, 1-RM/4-RM attempts are made 
with approximately 2-min rest intervals between attempts. If an attempt is 
successful using the correct technique, further attempts are made using 
increasing increments of weight. (Note: 2-min rest intervals rather than 1-min 
rest intervals as recommended by Stone and O‟Bryant (1987). 
4. The last successful attempt is recorded as the participant‟s 1-RM/4-RM in that 
lift. 
 
Determination of BPS throw load: 
Bench press throws will be performed at 40% of predetermined 1-RM for 4 
repetitions. With respect to the chronic study, the initial load will be calculated from the 
predetermined 1-RM and will be adjusted throughout the program to ensure progressive 
overload. 
 
Bench press technique (Baechle et al., 1994): 
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1. Lie supine on flat bench with feet flat on floor and head, shoulders and 
buttocks flat on bench. Grasp bar with closed, pronated grip. 
2. Move bar off rack to a position over the chest with elbows extended. 
3. Slowly lower the bar to the chest (approximately at the nipples). 
4. Push bar up to full elbow extension, keeping feet on the floor and body in 
contact with the bench. Do not arch back.  
5. Rack the bar upon completion of all repetitions. 
6. Inhale during the downward movement phase and exhale through the sticking 
point of the upward movement phase. 
 
Bench pull technique (McNeely, Sandler and Bamel, 2005): 
1. Lie face down on a high bench. 
2. Grasp bar (on floor) with arms straight and hands shoulder-width apart. 
3. Keeping head, upper body and legs flat to the bench, pull weight up until it 
touches bottom of bench. 
4. Place the bar on the floor upon completion of all repetitions. 
5. Inhale during the downward movement phase and exhale through the sticking 
point of the upward movement phase. 
 
Bench press throw technique (Baker et al., 2001): 
1. Assume same position as for bench press, but in a Smith machine (the bar 
may only move in the vertical plane).  
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2. Lower bar to a starting position touching the chest at approximately the 
nipples. 
3. Move the bar as explosively as possible off the chest, releasing the bar at 
elbow extension.  
4. Subjects will be instructed to attempt to throw the bar in the vertical plane as 
high as possible. 
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The Effect of a Complex Agonist and Antagonist Resistance Training Protocol on 
Strength and Power Output, Electromyographic Responses and Efficiency. Accepted for 
publication by the Journal of Strength and Conditioning Research. (DOI: 
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Physical Performance and Electromyographic Responses to an Acute Bout of Paired Set 
Strength Training Versus Traditional Strength Training. Accepted for publication by the 
Journal of Strength and Conditioning Research. (DOI: 10.1519/JSC.0b013e3181cc60ec.) 
 
Effects of Agonist-Antagonist Complex Resistance Training on Upper Body Strength and 
Power Development. Accepted for publication by the Journal of Sports Sciences. 
(Volume 27, Number 14, December 2009, pp. 1617-1625) 
 
Paired Set Resistance Training: A Brief Review. Submitted to Sports Medicine. 
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